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Ghvslwh wkh frpprqo| khog eholhi wkdw djjuhjdwh gdwd glvsod| vkruw0uxq frpryhphqw/
wkhuh kdv ehhq olwwoh glvfxvvlrq derxw wkh hfrqrphwulf frqvhtxhqfhv ri wklv ihdwxuh ri
wkh gdwd1 Zh xvh h{kdxvwlyh Prqwh0Fduor vlpxodwlrqv wr lqyhvwljdwh wkh lpsruwdqfh ri
uhvwulfwlrqv lpsolhg e| frpprq0f|folfdo ihdwxuhv iru hvwlpdwhv dqg iruhfdvwv edvhg rq yhf0
wru dxwruhjuhvvlyh prghov1 Iluvw/ zh vkrz wkdw wkh ehvw hpslulfdo prgho ghyhorshg
zlwkrxw frpprq f|foh uhvwulfwlrqv qhhg qrw qhvw wkh ehvw prgho ghyhorshg zlwk wkrvh
uhvwulfwlrqv1 Wklv lv gxh wr srvvleoh glhuhqfhv lq wkh odj0ohqjwkv fkrvhq e| prgho vhohf0
wlrq fulwhuld iru wkh wzr dowhuqdwlyh prghov1 Vhfrqg/ zh vkrz wkdw wkh frvwv ri ljqrulqj
frpprq f|folfdo ihdwxuhv lq yhfwru dxwruhjuhvvlyh prghoolqj fdq eh kljk/ erwk lq whupv ri
iruhfdvw dffxudf| dqg h!flhqw hvwlpdwlrq ri yduldqfh ghfrpsrvlwlrq frh!flhqwv1 Wklug/
zh qg wkdw wkh Kdqqdq0Txlqq fulwhulrq shuirupv ehvw dprqj prgho vhohfwlrq fulwhuld lq
vlpxowdqhrxvo| vhohfwlqj wkh odj0ohqjwk dqg udqn ri yhfwru dxwruhjuhvvlrqv1
Nh|zrugv= Uhgxfhg udqn prghov/ prgho vhohfwlrq fulwhuld/ iruhfdvwlqj/ yduldqfh ghfrp0
srvlwlrq1
MHO Fodvvlfdwlrq= F65/ F861
WDfnqrzohgjphqwv= Zh wkdqn Jhrujh Dwkdqdvrsrxorv iru h{fhoohqw uhvhdufk dvvlvwdqfh1 Wkh dxwkruv
duh uhvsrqvleoh iru dq| huuruv lq wklv sdshu1 Mrær Ylfwru Lvvohu dfnqrzohgjhv wkh vxssruw ri FQSt0Eud}lo dqg
SURQH[1 Iduvklg Ydklg lv judwhixo iru qdqfldo vxssruw surylghg e| wkh Prqdvk Xqlyhuvlw| Uhvhdufk Ixqg
Judqw Qr1 5513<:133:/ dqg FQSt0Eud}lo1
_Fruuhvsrqglqj dxwkru141 Lqwurgxfwlrq
Lq wklv sdshu zh dujxh wkdw vkruw0uxq g|qdplf uhvwulfwlrqv vkrxog eh wdnhq vhulrxvo| lq yhfwru
dxwruhjuhvvlyh +YDU, prghoolqj1 Zh irfxv rq frpprq0f|foh uhvwulfwlrqv ehfdxvh ri wkhlu
lpsruwdqfh lq pdfurhfrqrplfv1 Frpprq f|folfdo pryhphqwv lq ghwuhqghg hfrqrplf yduldeohv
kdyh ehhq vr suhydohqw wkdw wkh| kdyh dftxluhg wkh vwdwxv ri vw|ol}hg idfwv1 Oxfdv +4<::,
vwdwhv wkdw wkh pdlq uhjxodulwlhv revhuyhg lq f|folfdo  xfwxdwlrqv ri hfrqrplf wlph vhulhv
duh lq wkhlu frpryhphqw1 Lq hpslulfdo vwxglhv/ frpprq f|fohv kdyh ehhq vkrzq wr eh d
ihdwxuh ri d ydulhw| ri pdfurhfrqrplf gdwd vhwv1 Iru h{dpsoh/ Fdpsehoo dqg Pdqnlz +4<;<,
qg d frpprq f|foh ehwzhhq frqvxpswlrq dqg lqfrph iru prvw J0: frxqwulhv1 Hqjoh dqg
Nr}lfnl +4<<6, qg frpprq lqwhuqdwlrqdo f|fohv lq JQS gdwd iru RHFG frxqwulhv1 Xvlqj XV
gdwd/ Lvvohu dqg Ydklg +5334, qg frpprq f|fohv iru pdfurhfrqrplf djjuhjdwhv/ dqg Hqjoh
dqg Lvvohu +4<<8, dqg Fduolqr dqg Vloo +4<<;, qg frpprq f|fohv iru vhfwrudo dqg uhjlrqdo
rxwsxwv uhvshfwlyho|1 Olnh prvw dssolhg pdfurhfrqrplf uhvhdufk lq wkh odvw iwhhq |hduv/
wkhvh vwxglhv kdyh lqyhvwljdwhg frpprq0f|folfdo ihdwxuhv xvlqj yhfwru0dxwruhjuhvvlyh +YDU,
ru yhfwru huuru0fruuhfwlrq +YHF, prghov1
Zh lqyhvwljdwh wkh lpsruwdqfh ri uhvwulfwlrqv lpsolhg e| frpprq0f|folfdo ihdwxuhv iru
iruhfdvwv/ lpsxovh0uhvsrqvh ixqfwlrqv/ dqg yduldqfh0ghfrpsrvlwlrq dqdo|vlv ri hfrqrplf wlph0
vhulhv edvhg rq YDU prghov1 YDU prghov duh prvw xvhixo iru vkruw whup iruhfdvwlqj/ dqg
vkruw uxq g|qdplf uhvwulfwlrqv fdq lpsuryh vkruw0uxq iruhfdvwv1 Krzhyhu/ uhodwlyh wr wkh frq0
vlghudeoh hruw wkdw kdv ehhq vshqw rq h{dplqlqj wkh lpsruwdqfh ri frlqwhjudwlrq uhvwulfwlrqv
lq YDU prghov +vhh/ dprqj rwkhuv/ Hqjoh dqg \rr 4<;:/ Fohphqwv dqg Khqgu| 4<<8/ dqg
Olq dqg Wvd| 4<<9,/ qr zrun kdv h{dplqhg wkh hhfwv ri vkruw0uxq uhvwulfwlrqv1 Dv vkrzq e|
Hqjoh dqg \rr/ wkh iruhfdvwlqj jdlqv ri lpsrvlqj orqj0uxq frqvwudlqwv duh uhdol}hg rqo| zkhq
wkh iruhfdvw krul}rq ehfrphv odujh1 Lq idfw/ lq wkhlu vlpxodwlrqv/ wkh xqfrqvwudlqhg YDU
prghov surgxfh ehwwhu vkruw0krul}rq iruhfdvwv wkdq wkh YHF prghov1 Ehfdxvh iruhfdvwlqj
xqfhuwdlqw| dw orqj krul}rqv fdq eh odujh/ wlph0vhulhv prghov duh jhqhudoo| prvw xvhixo iru
iruhfdvwlqj ryhu vkruw krul}rqv1 Khqfh/ lpsrvlqj vkruw0uxq frqvwudlqwv pljkw eh d zd| ri
lpsurylqj wkh hhfwlyhqhvv ri wlph0vhulhv prghov dw krul}rqv zkhuh wkh| duh prvw xvhixo1
Lqfrusrudwlqj frpprq0f|foh uhvwulfwlrqv fdq uhgxfh wkh qxpehu ri iuhh sdudphwhuv ri
d YDU prgho dqg khos dfklhyh sduvlprq|/ pruh wkdq frlqwhjudwlqj uhvwulfwlrqv fdq1 Iru
h{dpsoh/ zkhq ghdolqj zlwk srvw0zdu txduwhuo| gdwd/ dqg d YDU zlwk wkuhh yduldeohv dqg
hljkw odjv/ wkhuh duh vhyhqw| yh phdq sdudphwhuv wr eh hvwlpdwhg iurp derxw wzr kxqguhg
gdwd srlqwv rq hdfk yduldeoh1 Li wkh wkuhh0yduldeoh v|vwhp kdv rqh nqrzq frlqwhjudwlqj yhfwru/
wkh qxpehu ri iuhh sdudphwhuv idoov iurp vhyhqw| yh wr vl{w| qlqh zkhq hvwlpdwlqj d YHF
prgho1 Frpprq0f|folfdo ihdwxuhv vkrz pruh srwhqwldo lq uhgxflqj wkh qxpehu ri frqglwlrqdo0
phdq sdudphwhuv1 Li wkh wkuhh yduldeohv lq wkh YHF prgho vkduh rqh frpprq f|foh/ wkhq wkh
qxpehu ri phdq sdudphwhuv idoov iurp vl{w| qlqh wr wzhqw| vhyhq1
5Zh dvvhvv wkh hhfwv ri frpprq0f|folfdo ihdwxuhv rq YDU prghov xvlqj Prqwh0Fduor
vlpxodwlrqv1 Wkh irfxv khuh lv rq wkh dffxudf| ri pxowl0vwhs dkhdg rxw0ri0vdpsoh iruhfdvwv/ dv
zhoo dv wkh dffxudf| ri hvwlpdwhv ri lpsxovh0uhvsrqvh ixqfwlrqv dqg yduldqfh0ghfrpsrvlwlrq ri
iruhfdvw huuruv1 Zh ghvljq wkh vlpxodwlrqv vr wkdw wkh uhvxowv zrxog eh uhohydqw iru dq dssolhg
pdfurhfrqrplvw hvwlpdwlqj d uhodwlyho| odujh qxpehu ri sdudphwhuv xvlqj d olplwhg qxpehu
ri gdwd srlqwv1 Wr wkdw hqg/ zh frqvlghu d ydulhw| ri Gdwd Jhqhudwlqj Surfhvvhv +GJSv, dqg
vdpsoh vl}hv/ wkdw duh vlplodu wr wkh w|slfdo gdwd vhwv wkdw dssolhg uhvhdufkhuv hqfrxqwhu lq
sudfwlfh1
YDU prghov zlwk frpprq f|fohv idoo lqwr wkh jhqhudo fdwhjru| ri uhgxfhg0udqn pxowl0
yduldwh prghov41 Zh fdq uhsuhvhqw wkhvh prghov lq d uhgxfhg0udqn uhjuhvvlrq iudphzrun e|
}| @ {| . %|/z k h u h}| frqwdlq wkh q0vhulhv ri lqwhuhvw/ {| frqwdlqv s odjv ri }| +dqg srvvleo|
huuru0fruuhfwlrq whupv,/ dqg %| lv d pxowlyduldwh zklwh0qrlvh surfhvv1 Wkh pdwul{  lv qrw
ixoo udqn/ uh hfwlqj wkh idfw wkdw wkhuh duh olqhdu frpelqdwlrqv ri }| wkdw duh zklwh qrlvh1 Li
frpprq f|fohv duh d wuxh ihdwxuh ri wkh gdwd/ dqg li wkh odj rughu ri wkh YDU +YHF, lv nqrzq
wr eh s/ wkhq wkhru| whoov xv wkdw wkh hvwlpdwh ri  zlwk wkh fruuhfw udqn0uhvwulfwlrqv lpsrvhg
pxvw eh pruh h!flhqw wkdq wkh xquhvwulfwhg hvwlpdwh ri  +vhh Dkq dqg Uhlqvho 4<;;,1 Hyhq
vr/ uhvhdufkhuv pd| eh uhoxfwdqw wr lqfrusrudwh wkhvh sdudphwhu uhvwulfwlrqv ehfdxvh ri wkh
dv|pphwulf frqvhtxhqfhv ri ryhu yhuvxv xqghu0sdudphwul}dwlrq1 Ehfdxvh wkh wuxh udqn ri
 lv qrw nqrzq/ lw pd| vhhp zlvhu wr olyh zlwk d srvvleo| lqh!flhqw xqfrqvwudlqhg prgho
udwkhu wkdq zlwk d plvvshflhg lqfrqvlvwhqw prgho1 Zh dujxh khuh wkdw wkh frvw ri ljqrulqj
frpprq0f|foh uhvwulfwlrqv lv pruh wkdq wkh h!flhqf| orvv lq hvwlpdwlqj 1 Zh vkrz wkdw/ li
rqo| ixoo0udqn prghov duh frqvlghuhg/ wkh odj ohqjwk fkrvhq e| wkh xvxdo prgho0vhohfwlrq fulwh0
uld lv vhyhuho| plvvshflhg1 Vwdqgdug fulwhuld pd| qg wrr vpdoo d odj ohqjwk lq uhgxfhg0udqn
YDUv vlpso| ehfdxvh wklv lv wkh rqo| srvvleoh zd| dydlodeoh wr dfklhyh sduvlprq|1 Iru vxfk
plvvshflhg prghov rqh fdqqrw whoo iurp wkhru| zkdw wkh frqvhtxhqfhv ri lqfrusrudwlqj udqn
uhvwulfwlrqv zloo eh1
Dq dowhuqdwlyh wr wkh xvxdo prgho0vhohfwlrq fulwhuld lv wr fkrrvh wkh odj ohqjwk dqg wkh
udqn ri wkh YDU vlpxowdqhrxvo|1 O wnhsrko +4<<6/ sdjh 535, suhvhqwv d vhw ri prgho0vhohfwlrq
fulwhuld wkdw fdq eh xvhg iru wkdw sxusrvh/ dqg zh uhihu wr wklv vhw dv LF+s>u,1 Rxu vlpxodwlrqv
uhyhdo wkdw/ zkhq wkh wuxh GJS lv d uhgxfhg0udqn YDU prgho/ wkh odj ohqjwk fkrvhq e| wkh
vwdqgdug prgho0vhohfwlrq fulwhuld +zklfk zh uhihu wr dv LF+s,, fdq eh txlwh glhuhqw iurp wkdw
fkrvhq zkhq udqn dqg rughu duh vhohfwhg vlpxowdqhrxvo|1 Vwdqgdug prgho0vhohfwlrq fulwhuld
wkdw sodfh d vwurqj shqdow| rq ryhu0sdudphwhul}dwlrq/ vxfk dv wkh Vfkzdu} ru Kdqqdq0Txlqq
fulwhuld/ pd| fkrrvh wrr vpdoo d odj0ohqjwk zkhq wkh wuxh prgho kdv frpprq f|fohv1 Krzhyhu/
wkh| lpsuryh li wkh udqn rughu lv vlpxowdqhrxvo| vhohfwhg zlwk wkh odj ohqjwk1 Zh qg vwurqj
hylghqfh lq idyru ri Kdqqdq0Txlqq fulwhulrq iru fkrrvlqj wkh fruuhfw odj dqg udqn rughu
ryhudoo1 Uhjduglqj wkh Dndlnh lqirupdwlrq fulwhulrq/ zh revhuyh wkdw lwv whqghqf| wr fkrrvh
4Fodvvlf uhihuhqfhv rq uhgxfhg0udqn YDU*v lqfoxgh Yhox/ Uhlqvho dqg Zlfnhuq +4<;9,/ Dkq dqg Uhlqvho
+4<;;,/ dqg Wldr dqg Wvd| +4<;<,1
6dq ryhu0sdudphwhul}hg prgho zkhq wkh odj rughu dqg udqn duh vhohfwhg vlpxowdqhrxvo| lv
dffhqwxdwhg uhodwlyh wr wkh fdvh zkhq rqo| wkh odj ohqjwk lv vhohfwhg1
Xvhuv ri YDU prghov duh riwhq lqwhuhvwhg lq iruhfdvwv/ udwkhu wkdq wkh wuxh odj rughu1
Khqfh/ zh frpsduh prghov edvhg rq wkhlu iruhfdvwlqj dffxudf| phdvxuhv1 Iru krul}rqv xs
wr vl{whhq shulrgv dkhdg/ xvlqj vhyhudo phdvxuhv ri iruhfdvwlqj dffxudf|/ zh qg wkdw wkh
iruhfdvwv surgxfhg e| wkh uhgxfhg0udqn prghov vhohfwhg e| LF+s>u, duh jhqhudoo| vxshulru
wr wkrvh surgxfhg e| wkh prghov vhohfwhg e| LF+s,1 L q g h h g /r qd y h u d j h /l iw k hK d q q d q 0
Txlqq fulwhulrq lv xvhg wr vhohfw odj rughu dqg udqn/ wkh fxpxodwlyh dffxudf| ri rqh wr
irxu0vwhs0dkhdg iruhfdvwv fdq eh lpsuryhg e| xs wr 53(1 Wklv vl}deoh hhfw looxvwudwhv wkh
srwhqwldo jdlq dvvrfldwhg zlwk frqvlghulqj frpprq0f|foh uhvwulfwlrqv dw wkh prgho vhohfwlrq
vwdjh1 Iru yduldqfh ghfrpsrvlwlrqv/ uhgxfhg0udqn prghov vhohfwhg e| LF+s>u, rqo| gr ehwwhu
zkhq vdpsohv duh odujh +pruh wkdq 533 revhuydwlrqv,51
Wkh rxwolqh ri wkh sdshu lv dv iroorzv1 Vhfwlrq 5 vwdwhv wkh uhgxfhg0udqn uhvwulfwlrqv wkdw
frpprq f|folfdo  xfwxdwlrqv lpsrvh rq wkh sdudphwhuv ri YDU prghov/ dqg suhvhqwv wkh
prgho0vhohfwlrq fulwhuld iru uhgxfhg0udqn prghov1 Vhfwlrq 6 ghvfulehv rxu Prqwh0Fduor ghvljq1
Vhfwlrq 7 suhvhqwv wkh vlpxodwlrq uhvxowv1 Vhfwlrq 8 suhvhqwv d vpdoo hpslulfdo h{dpsoh xvlqj
frlqflghqw dqg ohdglqj exvlqhvv0f|foh vhulhv1 Ilqdoo|/ Vhfwlrq 9 suhvhqwv wkh pdlq frqfoxvlrqv
ri wkh sdshu/ dv zhoo dv d vxjjhvwlrq iru ixuwkhu uhvhdufk1
51 Frpprq f|fohv lq YDU prghov
Dv lq prvw dssolhg pdfurhfrqrplf uhvhdufk/ zh dvvxph wkdw wkh remhfwlyh lv wr exlog d wlph
vhulhv prgho iru wkh jurzwk udwh ri d yhfwru ri q hfrqrplf yduldeohv1 Zh ghqrwh wkh ohyhov
ri wkhvh yduldeohv dw wlph w e| \|/ wkhlu orjdulwkpv e| ||/d q gw k h l uj u r z w ku d w h v+ l 1 h 1 w k h
uvw glhuhqfh ri wkh orjdulwkp ri \|,e |||1 Zh pdnh wkh uhdvrqdeoh dvvxpswlrq wkdw ||
lv vwdwlrqdu|/ dgg wkh vlpsoli|lqj dvvxpswlrq wkdw || kdv phdq }hur +zlwkrxw dq| orvv ri
jhqhudolw|,/ dqg vwduw zlwk wkh Zrog uhsuhvhqwdwlrq ri ||/l 1 h 1
|| @ F +O,%|> +514,
zkhuh F +O,@
S"
￿’f F￿O￿ lv d pdwul{ sro|qrpldo lq wkh odj rshudwru dqg Ff @ L?1I u r pw k h
zrun ri Ehyhulgjh dqg Qhovrq +4<;4, dqg Vwrfn dqg Zdwvrq +4<;;,/ lw lv srvvleoh wr ghfrpsrvh
wkh orj0ohyho vhulhv || lqwr frpprq wuhqgv dqg f|fohv +zh uhihu wr wklv dv wkh Ehyhulgjh0Qhovrq0
Vwrfn0Zdwvrq  ru EQVZ  ghfrpsrvlwlrq,1 Xvlqj wkh lghqwlw| F +O,@F + 4 ,. FW +O,/
ljqrulqj wkh lqlwldo ydoxh ri |f/ dqg lqwhjudwlqj erwk vlghv ri +514, zh jhw6=




5Qrwlfh wkdw lq wkh wh{werrn h{dpsoh O wnhsrko +4<<6/ ss1 53506, wkh vhohfwhg odj zdv lghqwlfdo zkhwkhu
ru qrw wkh udqn zdv dovr fkrvhq/ dqg lq wkdw fdvh/ kh revhuyhg wkdw wkh iruhfdvwv dqg yduldqfh ghfrpsrvlwlrqv
zhuh txlwh vlplodu iru wkh uhgxfhg udqn dqg ixoo udqn prghov1
6Vhh Vwrfn dqg Zdwvrq +4<;;, ru Ydklg dqg Hqjoh +4<<6, iru pruh ghwdlov1
7@ | . f|> +515,
zkhuh | @ F +4,
S|
￿’￿ %￿ dqg f| @ FW +O,%| uhsuhvhqw wkh wuhqg dqg f|folfdo frpsrqhqwv ri
|| uhvshfwlyho|1 Lq wkh EQVZ ghfrpsrvlwlrq/ wkh q yduldeohv lq || duh ghfrpsrvhg lqwr q
udqgrp0zdon frpsrqhqwv +vwrfkdvwlf wuhqgv, dqg q vwdwlrqdu| frpsrqhqwv +vwrfkdvwlf f|fohv,1
Li F +4, kdv udqn q  t +tA3,/ wkh vwrfkdvwlf wuhqgv lq || fdq eh fkdudfwhul}hg dv olqhdu
frpelqdwlrqv ri rqo| qt frpprq udqgrp zdonv/ lq zklfk fdvh || lv vdlg wr eh frlqwhjudwhg/
ru wr kdyh frpprq vwrfkdvwlf wuhqgv/ zlwk t olqhduo| lqghshqghqw frlqwhjudwlqj yhfwruv +vhh
Hqjoh dqg Judqjhu/ 4<;:,1 Li FW+O, kdv udqn u +u?q ,/ wkhq wkh vwrfkdvwlf f|fohv lq || fdq
eh fkdudfwhul}hg dv olqhdu frpelqdwlrqv ri u frpprq vwrfkdvwlf f|fohv/ zlwk q  u olqhduo|
lqghshqghqw frihdwxuh yhfwruv +vhh Ydklg dqg Hqjoh/ 4<<6,1 Lq wklv sdshu/ zh lqyhvwljdwh wkh
frvwv ri ljqrulqj wklv vlqjxodulw| lq wkh vwrfkdvwlf f|fohv f|1
Iru hdvh ri h{srvlwlrq zh dvvxph wkdw wkhuh lv qr frlqwhjudwlrq lq wkh v|vwhp +t @3 , 7/l q
zklfk fdvh wkh dssursuldwh prgho iru || zloo eh d YDU/ l1h1/
|| @ D￿||3￿ . === . DR||3R . %|
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1L iw k h u hd u hu frpprq vwrfkdvwlf
f|fohv lq ||/w k h qFW +O, lq +515, kdv udqn u/d q gw k hqqs pdwul{  pxvw kdyh udqn u +?q ,1
Wklv vkrzv wkdw YDU prghov zlwk frpprq0f|folfdo ihdwxuhv dprqj wkhlu yduldeohv idoo lqwr
wkh jhqhudo fdwhjru| ri uhgxfhg0udqn uhjuhvvlrq prghov1
Frpprq0f|foh frqvwudlqwv lpso| lpsruwdqw uhvwulfwlrqv iru wkh lpsxovh0uhvsrqvh ixqf0
wlrqv/ yduldqfh0ghfrpsrvlwlrqv/ dqg pxowl0vwhs dkhdg iruhfdvwv1 Wkh h{lvwhqfh ri u frpprq
f|fohv lpsolhv wkdw wkhuh duh q  u lqghshqghqw olqhdu frpelqdwlrqv ri || wkdw duh zklwh
qrlvh1 Wkxv/ iurp +514,/ doo pdwulfhv F￿/i r ul @4 >5>/p x v wk d y hu d q nu1W k h v hp d w u l f h v
F￿/ zklfk duh xvxdoo| qrupdol}hg wr eh frqvlvwhqw zlwk ruwkrjrqdo huuruv/ irup wkh edvlv ri
wkh lpsxovh0uhvsrqvh ixqfwlrqv dqg wkh iruhfdvw0huuru yduldqfh ghfrpsrvlwlrqv1 Iru h{dpsoh/
zkhq wkh| duh srvw0pxowlsolhg e| wkh Fkrohvnl idfwru ri wkh yduldqfh0fryduldqfh pdwul{ ri
%|/ wkh| |lhog wkh vr0fdoohg ruwkrjrqdol}hg lpsxovh uhvsrqvhv1 Khqfh/ lw ehfrphv fohdu wkdw
wkh suhvhqfh ri frpprq f|fohv lpsolhv wkdw wkh lpsxovh uhvsrqvhv ri glhuhqw yduldeohv wr
wkh vdph vkrfnv zloo eh olqhduo| ghshqghqw1 Wkhuhiruh/ li wkh remhfwv ri lqwhuhvw duh wkh lp0
sxovh uhvsrqvhv +ru yduldqfh ghfrpsrvlwlrqv ri wkh iruhfdvw huuruv, ri ||/w k h qf r p p r q 0 f | f o h
uhvwulfwlrqv fdq kdyh lpsruwdqw uhshufxvvlrqv iru h!flhqw hvwlpdwlrq1
7Li wkhuh lv frlqwhjudwlrq/ wkhq wkh dssursuldwh huuru0fruuhfwlrq whup kdv wr eh dgghg wr wkh uljkw0kdqg vlgh
ri +516,/ zklfk/ ri frxuvh/ zloo dgg dqrwkhu vrxufh ri xqfhuwdlqw| lq prgho exloglqj1 Khuh/ zh devwdlq iurp
ghdolqj zlwk lw/ irfxvlqj rqo| rq wkh frqvhtxhqfhv ri ljqrulqj frpprq0f|folfdo frpsrqhqwv ri YDU prghov1











zkhuh wkh vxshuvfulsw i vwdqgv iru iruhfdvwv zklfk xvh lqirupdwlrq xs wr shulrg w/ dqg dfwxdo
yduldeohv duh xvhg lqvwhdg ri iruhfdvwv rq wkh uljkw0kdqg vlgh zkhuh dydlodeoh1 Vlqfh frpprq
f|fohv lpso| wkdw wkh pdwul{
k
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l
@kdv uhgxfhg udqn/ htxdwlrq +517, fohduo|
vkrzv wkdw wkh| zloo dovr lpso| wkdw wkh iruhfdvwv ri || dw dq| krul}rq zloo eh olqhduo|
ghshqghqw1 Djdlq/ li iruhfdvwlqj lv wkh remhfwlyh ri wkh pxowlyduldwh prgho exloglqj h{huflvh/
frpprq0f|foh uhvwulfwlrqv zloo kdyh lpsruwdqw frqvhtxhqfhv1
5141 Prgho vhohfwlrq fulwhuld iru uhgxfhg0udqn prghov
Rxu prwlydwlrq lv wr exlog YDU0edvhg prghov iru || wkdw fdq eh xvhg iru iruhfdvwlqj/
lpsxovh0uhvsrqvh ru yduldqfh0ghfrpsrvlwlrq dqdo|vlv1 D fulwlfdo vwhs lq frqvwuxfwlqj wkhvh
prghov lv wkh vhohfwlrq ri wkh odj ohqjwk ri wkh YDU1 Prgho0vhohfwlrq fulwhuld duh riwhq xvhg lq
sudfwlfh/ dqg lq sulqflsoh wkh| duh xvhixo ehfdxvh wkh| gr qrw idyru dq| vshflf prgho djdlqvw
rwkhuv +vhh wkh glvfxvvlrq lq Judqjhu/ Nlqj dqg Zklwh/ 4<<8,1 Krzhyhu/ prgho vhohfwlrq
fulwhuld pd| fkrrvh glhuhqw odj rughuv/ ghshqglqj rq zkhwkhu ru qrw zh doorz iru uhgxfhg0
udqn sdudphwhu pdwulfhv lq wkh YDU prgho1 Zh lqyhvwljdwh wkh shuirupdqfh ri zlgho| xvhg
vhohfwlrq fulwhuld zkhq +l, rqo| wkh odj ohqjwk lv vhohfwhg/ dqg +ll, zkhq wkh odj ohqjwk dqg
udqn rughu duh mrlqwo| vhohfwhg1 Zh dovr frqvlghu wkh dowhuqdwlyh vwudwhj| ri fkrrvlqj wkh odj
ohqjwk zlwk prgho0vhohfwlrq fulwhuld dqg wkhq fkrrvlqj wkh udqn e| wkh frpprq0f|foh whvw
uhfrpphqghg e| Ydklg dqg Hqjoh +4<<6,1 Zh wkhq frpsduh rxu uhvxowv/ vr dv wr uhfrpphqg
d vwudwhj| iru hpslulfdo zrun1
Iroorzlqj O wnhsrko +4<<6,/ zh irfxv rq wkh Dndlnh +DLF,/ Kdqqdq0Txlqq +KT, dqg
Vfkzdu} +VF, fulwhuld iru wkh vlpxowdqhrxv vhohfwlrq ri odj dqg udqn rughuv lq YDU prghov1
Wkh odj rughu s dqg wkh qxpehu ri frpprq f|fohv u +l1h1 wkh udqn ri ,/ fdq eh vlpxowdqhrxvo|
fkrvhq wr plqlpl}h rqh ri wkh iroorzlqj prgho vhohfwlrq fulwhuld/
DLF+s>u,@o q
  a 	0 +s>u,
   .
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W
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  a 	0 +s>u,
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zkhuh q lv wkh glphqvlrq ri wkh v|vwhp/ u lv wkh udqn ri YDU prgho/ s lv wkh qxpehu ri odjjhg
glhuhqfhv lq wkh prgho/ a 	0+s>u, lv wkh hvwlpdwhg yduldqfh0fryduldqfh pdwul{ ri wkh huuruv ri
wkh YDU prgho zlwk s odjv dqg udqn u> dqg W lv wkh qxpehu ri revhuydwlrqv1
Iru ixoo0udqn prghov +u @ q,/ wkh prgho vhohfwlrq fulwhuld lq +518,0+51:, froodsvh wr wkh xvxdo
fulwhuld/ zklfk zh fdoo DLF+s,/ KT+s,/d q gVF+s,1 Fdofxodwlqj wkhp lv vwudljkwiruzdug/
vlqfh ixoo0udqn prghov fdq eh hvwlpdwhg/ htxdwlrq e| htxdwlrq/ xvlqj ROV1 Krzhyhu/ wkh
9hvwlpdwlrq ri uhgxfhg udqn prghov lv qrw vwudljkwiruzdug/ dqg dq hdvlhu zd| wr fdofxodwh
wkhvh prgho0vhohfwlrq fulwhuld lv wr xvh wkh iroorzlqj zhoo0nqrzq ohppd=
Ohppd 5141 Xqghu wkh dvvxpswlrq wkdw @
k
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Surri1 Vhh Wvr +4<;4,1
Wklv ohppd lpsolhv wkdw/ diwhu gursslqj wkh frpprq whup oq
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Khqfh/ iru {hg s> wkh prgho0vhohfwlrq fulwhuld iru dq| udqn fdq eh hdvlo| fdofxodwhg diwhu
wkh uhohydqw hljhqydoxhv duh frpsxwhg1 Wkhvh hljhqydoxhv fdq eh hdvlo| fdofxodwhg xvlqj dq|
vwdwlvwlfdo surjudp zklfk kdv d fdqrqlfdo fruuhodwlrq surfhgxuh81Q r w l f h w k d w / i r u  { h g W
dqg q/ wkh prgho0vhohfwlrq fulwhuld lq +51;,0+5143, ghshqg rqo| rq wkh odj ohqjwk s dqg rq wkh
udqn u ri wkh YDU prgho1
61 Prqwh0Fduor ghvljq
Li vdpsohv duh odujh/ rxu lqwxlwlrq whoov xv wkdw ljqrulqj wkh frpprq0f|foh uhvwulfwlrqv zloo
qrw eh yhu| kdupixo1 Wklv lv edvhg rq wkh h{shfwdwlrq wkdw zlwk odujh vdpsohv/ odj0rughu
vhohfwlrq lv olnho| wr eh xqdpeljxrxv dqg sdudphwhu hvwlpdwhv zloo eh suhflvh/ vr wkdw wkh
uhgxfhg udqn frqvwudlqwv zloo eh +dssur{lpdwho|, wuxh iru wkh hvwlpdwhg sdudphwhuv/ hyhq
zkhq wkh| duh qrw lpsrvhg dw wkh hvwlpdwlrq vwdjh1 Khqfh/ wkh hvwlpdwhg prghov zlwk ru
8Wzr h{dpsohv lqfoxgh VDV dqg VWDWD1 Dowhuqdwlyho| rqh fdq xvh dq| pdwul{ surjudp vxfk dv JDXVV/ ru
prgli| dq| ri wkh sohwkrud ri frpsxwhu surjudpv wkdw xvh wklv ohppd wr fdofxodwh wkh Mrkdqvhq frlqwhjudwlrq
whvw vwdwlvwlfv +vhh fkdswhu 53 ri Kdplowrq+4<<7,,1
:zlwkrxw frpprq0f|foh uhvwulfwlrqv zloo eh vr forvh wkdw wkhlu uhvxowv iru iruhfdvwlqj/ lpsxovh0
uhvsrqvh/ dqg yduldqfh0ghfrpsrvlwlrq dqdo|vlv zloo eh yhu| vlplodu1
Wklv lqwxlwlrq vkrxog qrw/ krzhyhu/ eh fduulhg ryhu wr wkh fdvh ri vpdoo vdpsohv1 Lqghhg/
h!flhqf| jdlqv duh srwhqwldoo| pxfk pruh uhohydqw zkhq vdpsohv duh vpdoo dqg ghjuhhv ri
iuhhgrp duh vfdufh1 Lq wklv frqwh{w/ vhohfwlqj wkh odj rughu diwhu dvvxplqj ixoo udqn fdq
|lhog d frpsohwho| glhuhqw uhvxow iurp vhohfwlqj odj rughu dqg udqn vlpxowdqhrxvo|1 Zh
lqyhvwljdwh wklv lvvxh xvlqj 4333 vlpxodwlrqv ri 433 uhgxfhg0udqn YDUv edvhg rq hlwkhu 433
ru 533 revhuydwlrqv1 Zh wdexodwh uhvxowv iru fdvhv zkhq rqo| wkh odj ohqjwk lv fkrvhq/ dqg
zkhq wkh udqn dqg odj ohqjwk duh fkrvhq vlpxowdqhrxvo|1
Wr pdnh wkh suhvhqwdwlrq pdqdjhdeoh/ zh rqo| suhvhqw uhvxowv iru wkuhh0glphqvlrqdo
YDUv91 Prghov wkdw frqvlghu wkh uhdo vlgh ri wkh hfrqrp| duh riwhq wkuhh0glphqvlrqdo1 Iru
h{dpsoh/ Nlqj hw do +4<<4, hvwlpdwh d YDU lqfoxglqj rxwsxw/ frqvxpswlrq/ dqg lqyhvwphqw
lq rughu wr whvw wkh uhdo0exvlqhvv0f|foh prgho ri Nlqj/ Sorvvhu dqg Uhehor +4<;;,1 Lvvohu dqg
Ihuuhlud +4<<;, xvh d YDU lq rxwsxw/ oderu/ dqg fdslwdo lqsxwv wr hvwlpdwh orqj0uxq hodvwlflwlhv
ri wkh djjuhjdwh surgxfwlrq ixqfwlrq1
Wkh uvw sdudphwhu zh vhw lq wkh Prqwh0Fduor ghvljq lv wkh odj ohqjwk s1L w l v f k r v h q
lq rughu wr doorz iru wkh srvvlelolw| ri hlwkhu xqghu ru ryhu0sdudphwhul}dwlrq ri wkh YDU
prgho1 O wnhsrko +4<;8, xvhv d GJS zlwk d wuxh odj rughu ri 4 lq klv vlpxodwlrqv/ pdn0
lqj xqghu0sdudphwhul}dwlrq yluwxdoo| lpsrvvleoh1 Wklv idyruv prgho0vhohfwlrq fulwhuld zklfk
khdylo| shqdol}h ryhu0sdudphwhul}dwlrq/ h1j1/ wkh Vfkzdu} fulwhulrq1 Qlfnhovexuj +4<;5, vhwv
wkh wuxh odj rughu wr irxu lq vrph ri klv vlpxodwlrqv/ exw wkh pd{lpxp odj doorzhg iru lq wkh
hvwlpdwlrq lv dovr vhw wr irxu1 Wklv pdnhv ryhu0sdudphwhul}dwlrq lpsrvvleoh/ idyrulqj olehudo
fulwhuld vxfk dv wkh DLF1 Wr dyrlg erwk sureohpv/ zh fkrrvh wkh wuxh odj rughu ri irxu dqg
doorz iru prghov ri xs wr odj hljkw1
Wkh surshuwlhv ri hvwlpdwhg YDUv duh rqo| lqyduldqw wr vfdolqj wkh yduldqfh0fryduldqfh
pdwul{ ri wkh huuruv e| d frqvwdqw1 Krzhyhu/ wkh iroorzlqj ohppd vkrzv wkdw lq rughu wr fryhu
wkh hqwluh vsdfh ri uhgxfhg0udqn YDU surfhvvhv ri rughu s/ rqh fdq { wkh yduldqfh0fryduldqfh
pdwul{ ri wkh huuru wr eh wkh lghqwlw| pdwul{ zlwkrxw dq| orvv ri jhqhudolw|1
Ohppd 6141 Dq| duelwudu| ixoo udqn olqhdu wudqvirupdwlrq ri d uhgxfhg0udqn YDU/ jhqhudwhv
dqrwkhu YDU zlwk wkh vdph udqn1
Surri1 Vhh Ydklg dqg Lvvohu +4<<<,1
Wklv ohppd doorzv rqh wr wudqvirup d uhgxfhg0udqn YDU zlwk d qrq0gldjrqdo fryduldqfh
pdwul{ lqwr dqrwkhu YDU zlwk wkh vdph udqn dqg dq lghqwlw| fryduldqfh pdwul{1 Wklv phdqv
wkdw lq wkh Prqwh Fduor dqdo|vlv/ li zh frqvlghu wkh hqwluh vsdfh ri uhgxfhg0udqn prghov dqg
9Dq hduolhu yhuvlrq ri wkh suhvhqw sdshu +Ydklg dqg Lvvohu 4<<<, lqfoxghv uhvxowv iru vl{0glphqvlrqdo
YDUv1
;frpsduh glhuhqw phwkrgv zlwk d phdvxuh wkdw lv lqyduldqw wr olqhdu wudqvirupdwlrqv/ wkhq
zh fdq { wkh yduldqfh fryduldqfh pdwul{ ri wkh huuruv ri wkh GJS wr eh wkh lghqwlw| pdwul{
zlwkrxw orvv ri jhqhudolw|1
Krzhyhu/ dq h{kdxvwlyh Prqwh0Fduor vwxg| ryhu wkh hqwluh prgho vsdfh lv lqihdvleoh1 Lw
lv fxvwrpdu|/ dv lq O wnhsrko +4<;8,/ wr fkrrvh vhyhudo vhwv ri hljhqydoxhv iru wkh frpsdqlrq
pdwul{: ri wkh YDU/ dqg wr fkrrvh duelwudu| sdudphwhu pdwulfhv zklfk jlyh ulvh wr wkrvh
hljhqydoxhv/ dqg wkhq wr dyhudjh wkh uhvxowv ryhu doo wkhvh GJSv1 Dowkrxjk wkh uhvxowv jhq0
hudwhg iurp vxfk d ghvljq vwudwhj| pljkw eh xvhixo iru jhqhudo wlph0vhulhv dqdo|vwv/ wkh| duh
xqvxlwdeoh iru hfrqrplvwv zkr zrun zlwk djjuhjdwh pdfurhfrqrplf gdwd1 Wklv lv ehfdxvh
wkh f|folfdo vwuxfwxuh ri pdfurhfrqrplf djjuhjdwhv fdq eh txlwh zhdn/ hvshfldoo| iru v|vwhpv
zklfk gr qrw frqwdlq d prqhwdu| vhfwru1 Iru h{dpsoh/ wkh v|vwhp; U2 iru Nlqj hw do1*v +4<<4,
YHF prgho ri XV shu0fdslwd lqfrph/ frqvxpswlrq/ dqg lqyhvwphqw lv 3177/ zkhuhdv wkh v|v0
whp U2 iru 493 rxw ri wkh 533 GJSv lq O wnhsrko +4<;8, duh deryh 318/ dqg <9 ri wkhvh duh
juhdwhu wkdq 31;1 Vlqfh wklv sdshu lv lqwhqghg sulpdulo| iru dssolhg pdfurhfrqrplvwv/ d ghvljq
zklfk jlyhv wrr pxfk zhljkw wr prghov zlwk d kljk v|vwhp U2 zrxog eh lqdssursuldwh1
Khuh/ zh vwduw zlwk d w|slfdo pdfurhfrqrphwulf vwxg| lq rughu wr vhohfw wkh GJS dqg wkh
v|vwhp U2 dvvrfldwhg zlwk lw1 Wkh gdwd vhw xvhg iru fkrrvlqj rxu sdudphwhu ydoxhv lv wkh vdph
dv lq Nlqj hw do1+4<<4,<1 Iru wkh wkuhh0yduldeoh v|vwhp/ zh uvw wwhg udqn rqh dqg udqn wzr
YDUv ri rughu irxu wr wkh uvw0glhuhqfhv ri wkh orjdulwkpv ri XV shu0fdslwd sulydwh lqfrph/
frqvxpswlrq/ dqg lqyhvwphqw ryhu wkh shulrg 4<7:14 wr 4<;;17/ zklfk uhvxowhg lq hvwlpdwhv
iru wkh D￿*v dqg iru H +%|%￿
|,1 Wkhq zh ghwhuplqhg wkh sdudphwhu ydoxhv iru rxu GJSv e|
udqgrpo| pdnlqj 433 gudzv iurp wkh hvwlpdwhg <8( frqghqfh uhjlrqv iru wkh sdudphwhuv1
Iru doo fdvhv/ zh kdyh ehhq fduhixo wr yhuli| wkdw doo ri wkhvh udqgrpo| gudzq GJSv vdwlvi|
wkh vwdwlrqdulw| frqglwlrqv iru yhfwru dxwruhjuhvvlrqv431 E| fkrrvlqj rxu GJSv iurp wklv
sodxvleoh vxevhw ri wkh sdudphwhu vsdfh/ zh eholhyh wkdw rxu uhvxowv duh gluhfwo| uhohydqw
iru dssolhg pdfurhfrqrplvwv1 Wkh phgldq ri wkh v|vwhp U2 phdvxuh iru rxu jhqhudwhg wkuhh0
yduldeoh GJSv lv ehwzhhq 318 dqg 319/ zlwk ohvv wkdq 8( odujhu wkdq 31: dqg qrqh juhdwhu
wkdq 31;1
Wkh Prqwh0Fduor surfhgxuh fdq eh vxppdul}hg dv iroorzv1 Xvlqj hdfk ri rxu 433 GJSv/
zh jhqhudwh 4333 vdpsohv +rqfh zlwk 433/ dqg djdlq zlwk 533 revhuydwlrqv,/ uhfrug wkh odj
ohqjwk fkrvhq e| wudglwlrqdo +ixoo0udqn, DLF+s,>K T +s, dqg VF+s, phdvxuhv/ dqg wkh odj
ohqjwk dqg udqn rughu fkrvhq e| prgho vhohfwlrq fulwhuld vwdwhg lq +51;,0+5143,1 Lq doo fdvhv/ wr
:Wkh frpsdqlrq pdwul{ ri d YDUER lv wkh frh!flhqw pdwul{ ri lwv YDU+4, uhsuhvhqwdwlrq1 Wkh frqglwlrq
iru d YDUER wr eh vwdwlrqdu| lv wkdw doo ri wkh hljhqydoxhv ri lwv frpsdqlrq pdwul{ duh lqvlgh wkh xqlw flufoh1
;Wkh v|vwhp -
2 lv d jhqhudol}dwlrq ri wkh vlqjoh0htxdwlrq -
2 iru pxowlyduldwh prghov1 Vhh wkh Dsshqgl{
iru lwv ghqlwlrq1
<Nlqj hw do1+4<<4, fkrvh d odj ohqjwk ri hljkw iru wkhlu wkuhh yduldeoh prgho dqg d odj ohqjwk ri vl{ iru wkhlu
vl{ yduldeoh prgho1 Wkh| fkrvh wkhvh odj ohqjwkv rq d0sulrul jurxqgv/ zlwkrxw dq| uhihuhqfh wr gdwd1
43Wkh udqjh ri wkh devroxwh ydoxh ri wkh pd{lpxp hljhqydoxhv ri wkh wul0yduldwh udqn0rqh GJSv lv EfebcfH.1
I r uw k hw u l 0 y d u l d w hu d q n 0 w z rG J S vw k l vu d q j hl vEfScfb21
<uhgxfh wkh lpsdfw ri lqlwldo ydoxhv rq vlpxodwhg vhulhv/ zh jhqhudwhg 4333 revhuydwlrqv/ exw
rqo| xvhg wkh odvw 457 ru 557 revhuydwlrqv lq wkh dqdo|vlv1 Zh wdnh wkh prgho fkrvhq xvlqj
hdfk LF+s, fulwhulrq dqg frpsduh lw zlwk wkh prgho fkrvhq xvlqj wkh fruuhvsrqglqj LF+s>u,
fulwhulrq1 Hdfk sdlu ri fkrvhq prghov lv frpsduhg zlwk uhvshfw wr +l, wkhlu rxw0ri0vdpsoh
iruhfdvwlqj dffxudf| xs wr 49 shulrgv dkhdg> dqg +ll, wkhlu phdq0vtxduhg0huuru lq hvwlpdwlqj
yduldqfh ghfrpsrvlwlrqv ri iruhfdvw huuruv iru vhohfwhg krul}rqv xs wr 49 shulrgv dkhdg1
Zh h{sodlq wkh phdvxuhv zh fkrvh wr frpsxwh wkh dffxudf| ri iruhfdvwv/ lpsxovh uhvsrqvhv
dqg yduldqfh ghfrpsrvlwlrqv/ ehiruh vwdwlqj rxu uhvxowv1
6141 Phdvxulqj iruhfdvw dffxudf|
Dssursuldwh hydoxdwlrq ri iruhfdvwv ghshqgv rq wkh vshflf xvh wkdw wkh iruhfdvwv duh qhhghg
iru/ l1h1/ wkh orvv ixqfwlrq ri wkh xvhu1 Wkh idfw wkdw zh kdyh dssolhg hfrqrplvwv dv rxu wdujhw
dxglhqfh grhv qrw vxjjhvw wkdw zh vkrxog hydoxdwh wkh iruhfdvwv ri dowhuqdwlyh prghov lq dq|
vshflf zd|1 D pdfurhfrqrplvw zkr prghov wkh jurzwk udwh ri lqfrph/ frqvxpswlrq dqg
lqyhvwphqw/ pljkw lq idfw eh lqwhuhvwhg lq wkh jurzwk udwhv ri lqfrph/ vdylqjv dqg lqyhvwphqw/
ru vkh pljkw eh lqwhuhvwhg lq iruhfdvwlqj wkh ohyhov/ edvhg rq wkh jurzwk udwhv1 Wkhuhiruh/
lw lv lpsruwdqw wr hydoxdwh wkh iruhfdvwlqj shuirupdqfh ri glhuhqw prghov rq wkh edvlv ri
phdvxuhv wkdw duh lqyduldqw wr olqhdu wudqvirupdwlrq ri iruhfdvwv/ dw rqh krul}rq/ ru dfurvv
glhuhqw krul}rqv1 Rqh phdvxuh wkdw vdwlvhv wklv lqyduldqfh surshuw| lv wkh jhqhudol}hg
iruhfdvw huuru vhfrqg prphqw +JIHVP, lqwurgxfhg e| Fohphqwv dqg Khqgu| +4<<6,1 JIHVP
lv wkh ghwhuplqdqw ri wkh h{shfwhg ydoxh ri wkh rxwhu surgxfw ri wkh yhfwru ri vwdfnhg iruhfdvw
huuruv ri doo ixwxuh wlphv xs wr wkh krul}rq ri lqwhuhvw1 Iru h{dpsoh/ li iruhfdvwv xs wr k
txduwhuv dkhdg duh ri lqwhuhvw/ wklv phdvxuh zloo eh=
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zkhuh  %|n￿ lv wkh q0glphqvlrqdo iruhfdvw huuru dw krul}rq k ri rxu q0yduldeoh prgho1 Lw lv
reylrxv wkdw wklv phdvxuh lv lqyduldqw wr hohphqwdu| rshudwlrqv wkdw lqyroyh glhuhqw yduldeohv/
dqg dovr wr hohphqwdu| rshudwlrqv wkdw lqyroyh wkh vdph yduldeoh dw glhuhqw krul}rqv1 Lq rxu
Prqwh0Fduor/ wkh deryh h{shfwdwlrq lv hydoxdwhg iru hyhu| prgho/ e| dyhudjlqj ryhu wkh
vlpxodwlrqv1
Zh dovr frqvlghu wzr srsxodu phdvxuhv ri iruhfdvwlqj dffxudf|1 Wkh uvw lv wkh ghwhu0
plqdqw ri wkh phdq vtxduhg iruhfdvw huuru pdwul{ dw glhuhqw krul}rqv +mPVIHm,/d q gw k h
vhfrqg lv wkh wudfh ri wkh phdq vtxduhg iruhfdvw huuru pdwul{ +WPVIH,1 Wkh ghwhuplqdqw
ri wkh PVIH lv lqyduldqw wr hohphqwdu| rshudwlrqv rq wkh iruhfdvwv ri glhuhqw yduldeohv dw d
vlqjoh krul}rq/ exw lw lv qrw lqyduldqw wr hohphqwdu| rshudwlrqv rq wkh iruhfdvwv dfurvv glhuhqw
43krul}rqv1 Wkh wudfh ri wkh phdq vtxduhg iruhfdvw huuru pdwul{ lv qrw lqyduldqw wr hlwkhu ri
wkhvh wudqvirupdwlrqv1
Wkhuh lv rqh frpsolfdwlrq dvvrfldwhg zlwk vlpxodwlqj 433 glhuhqw GJSv1 Vlpsoh dyhudj0
lqj dfurvv glhuhqw GJSv lv qrw dssursuldwh/ ehfdxvh wkh iruhfdvw huuruv ri glhuhqw GJSv
gr qrw kdyh lghqwlfdo yduldqfh0fryduldqfh pdwulfhv1 O wnhsrko +4<;8, qrupdol}hv wkh iruh0
fdvw huuruv e| wkhlu wuxh yduldqfh0fryduldqfh pdwul{ lq hdfk fdvh wr jhw l1l1g1 revhuydwlrqv1
Xqiruwxqdwho|/ wklv zrxog eh d yhu| wlph frqvxplqj surfhgxuh iru d phdvxuh olnh JIHVP/
zklfk lqyroyhv vwdfnhg huuruv ryhu pdq| krul}rqv1 Lqvwhdg/ iru hdfk lqirupdwlrq fulwhulrq/
zh fdofxodwh wkh shufhqwdjh fkdqjh lq iruhfdvwlqj phdvxuhv/ frpsdulqj wkh ixoo0udqn prghov
vhohfwhg e| LF+s,> zlwk wkh uhgxfhg0udqn prghov fkrvhq e| LF+s>u,1 Wklv surfhgxuh lv grqh
dw hyhu| lwhudwlrq iru hyhu| GJS/ dqg wkh qdo uhvxowv duh wkhq dyhudjhg1
6151 Suhflvlrq ri lpsxovh0uhvsrqvh dqg yduldqfh0ghfrpsrvlwlrq hvwlpdwhv
Dowkrxjk pdq| dssolhg vwxglhv wkdw xvh YDU prghov irfxv rq lpsxovh0uhvsrqvh ixqfwlrqv
dqg yduldqfh0ghfrpsrvlwlrqv ri iruhfdvw huuruv/ prvw vlpxodwlrq vwxglhv lq wkh olwhudwxuh vlp0
so| irfxv rq iruhfdvw frpsdulvrqv1 Krzhyhu/ wkh lpsxovh0uhvsrqvh ixqfwlrqv dqg yduldqfh0
ghfrpsrvlwlrq ri iruhfdvw huuruv glhu iurp pxowl0vwhs iruhfdvwv ri YDU prghov ehfdxvh wkh|
ghshqg rq wkh yduldqfh0fryduldqfh pdwul{ ri v|vwhp huuruv dv zhoo dv ehlqj qrq0olqhdu ixqf0
wlrqv ri wkh phdq sdudphwhuv1 Jlyhq wklv dgghg glphqvlrq wr wkh sureohp/ rqh fdqqrw h{shfw
ds u l r u lwr jhw vlplodu uhvxowv wr wkh iruhfdvwlqj h{huflvh1
Pruhryhu/ wkhuh duh d ihz lvvxhv wkdw duh vshflf wr wkh dqdo|vlv ri lpsxovh0uhvsrqvh
ixqfwlrqv dqg yduldqfh ghfrpsrvlwlrqv1 Iluvw/ huuruv kdyh wr eh ruwkrjrqdo iru uhvxowv wr eh
phdqlqjixo1 Dv lv zhoo nqrzq/ wkhuh duh vhyhudo whfkqltxhv wkdw |lhog ruwkrjrqdo huuruv1 Khuh/
zh ruwkrjrqdol}h wkh rxu vkrfnv e| wkh Fkrohvnl ghfrpsrvlwlrq ri wkh yduldqfh0fryduldqfh
pdwul{/ vlqfh wklv phwkrg lv wkh prvw srsxodu1 Lw lv zhoo nqrzq wkdw wkh Fkrohvnl phwkrg
lv qrw lqyduldqw wr wkh rughulqj ri wkh yduldeohv lq wkh YDU1 Khqfh/ zh frqvlghu doo srvvleoh
rughulqjv ri wkh yduldeohv lq wkh v|vwhp/ dqg wkh suhvhqwhg uhvxowv duh wkh dyhudjh ryhu doo
wkhvh rughulqjv1 Vhfrqg/ iru d wkuhh0yduldeoh v|vwhp/ wkhuh duh qlqh lpsxovh0uhvsrqvh dqg
yduldqfh0frpsrqhqw frh!flhqwv lq hdfk krul}rq1 Lq rughu wr uhsruw uhvxowv lq d frpsdfw zd|/
wkh phdq0vtxduhg huuruv ri hdfk lv frpsxwhg iru wkh udqn0uhvwulfwhg/ dqg wkh xquhvwulfwhg YDU
prghov1 Wkhq/ wkh shufhqwdjh lpsuryhphqw lq PVH ri wkh uhvwulfwhg prgho uhodwlyh wr wkdw ri
wkh xquhvwulfwhg prgho lv frpsxwhg iru hdfk ri wkhvh frh!flhqwv1 Ilqdoo|/ iru hdfk krul}rq/ wkh
phdq shufhqwdjh lpsuryhphqw dfurvv doo frh!flhqwv iru wkdw krul}rq lv frpsxwhg1 Lq rughu
wr nhhs wkh vl}h ri rxu wdeohv grzq wr d plqlpxp/ zh rqo| uhsruw wkh yduldqfh0ghfrpsrvlwlrq
uhvxowv/ vlqfh uhvxowv iru lpsxovh uhvsrqvhv duh vlplodu1
71 Prqwh0Fduor vlpxodwlrq uhvxowv
Wkh pdlq remhfwlyhv ri rxu vwxg| duh wr dgguhvv wkh iroorzlqj=
4441 Zkhwkhu d prgho fkrvhq zlwk dq LF+s>u, fulwhulrq lv mxvw d uhgxfhg udqn yhuvlrq ri d
prgho fkrvhq zlwk wkh fruuhvsrqglqj LF+s, fulwhulrq/ ru wkh| fdq eh qrq0qhvwhg>
51 Zkhwkhu glhuhqfhv lq wkh prghov fkrvhq e| wkhvh wzr fodvvhv ri prgho vhohfwlrq fulwhuld
ohdg wr pdmru glhuhqfhv lq iruhfdvwlqj dffxudf|> dqg/
61 Zkhwkhu glhuhqfhv lq wkh prghov fkrvhq e| wkhvh wzr fodvvhv ri prgho vhohfwlrq ful0
whuld ohdg wr pdmru glhuhqfhv lq wkh dffxudf| ri wkhlu hvwlpdwhg lpsxovh0uhvsrqvh dqg
yduldqfh0ghfrpsrvlwlrq frh!flhqwv1
Lq dgglwlrq/ zh dovr frpsduh prghov zkhuh udqn lv fkrvhq e| vwdwlvwlfdo whvwlqj +vhtxhqwldo
OU whvwv, zlwk wkrvh zkhuh udqn lv fkrvhq e| prgho0vhohfwlrq fulwhuld1 Ilqdoo|/ zh lqyhvwljdwh
wkh uhodwlyh shuirupdqfh ri glhuhqw prgho0vhohfwlrq fulwhuld lq fkrrvlqj wkh ehvw iruhfdvwlqj
prgho1
Iluvw/ krzhyhu/ zh dvvxph wkdw wkh odj0ohqjwk dqg udqn rughu duh nqrzq/ dqg zh frp0
sduh wkh dffxudf| ri iruhfdvwv dqg yduldqfh ghfrpsrvlwlrq frh!flhqwv iru wkh hvwlpdwhg xq0
uhvwulfwhg dqg uhgxfhg udqn YDU prghov1 Dowkrxjk wkhvh uhvxowv gr qrw kdyh dq| gluhfw
lpsolfdwlrq iru dssolhg zrun ehfdxvh wkh| gr qrw lqfoxgh odj0udqn xqfhuwdlqw|/ wkh| vhuyh dv
d xvhixo ehqfkpdun iru d ehwwhu xqghuvwdqglqj ri rwkhu uhvxowv1
7141 Wkh ehqfkpdun fdvh zkhq wkh odj0udqn rughu lv nqrzq
Dv d qdwxudo ehqfkpdun/ zh frpsduh wkh dffxudf| ri wkh iruhfdvwv dqg yduldqfh ghfrpsrvl0
wlrqv ri hvwlpdwhg xquhvwulfwhg YDUv ri fruuhfw odj0ohqjwk/ zlwk wkrvh ri hvwlpdwhg uhgxfhg
udqn YDUv ri fruuhfw odj dqg udqn rughu1 Dq| glhuhqfhv ehwzhhq uhgxfhg0udqn dqg ixoo0udqn
YDU prghov uh hfw wkh h!flhqf| jdlqv uhvxowlqj iurp lpsrvlqj wkh udqn uhvwulfwlrqv1
Wdeoh 4 vkrzv wkh shufhqwdjh lpsuryhphqw lq glhuhqw phdvxuhv ri iruhfdvw dffxudf|
dqg lq wkh phdq0vtxduhg huuru +PVH, ri yduldqfh0ghfrpsrvlwlrq frh!flhqwv/ zkhq zh doorz
iru udqn ghflhqflhv1 Wkuhh lqwhuhvwlqj frqfoxvlrqv fdq eh pdgh iurp wklv wdeoh1 Iluvw/ doo
phdvxuhv ri iruhfdvw frpsdulvrq whoo xv wkdw wkh fruuhfw udqn uhvwulfwlrqv ohdg wr vl}deoh
lpsuryhphqwv lq iruhfdvwv ryhu vkruw krul}rqv1 Wkh ghwhuplqdqw dqg wkh wudfh ri wkh PVH
pdwul{ ehfrph yhu| forvh wr }hur/ dqg wkh JIHVP/ zklfk lv d fxpxodwlyh phdvxuh/  dwwhqv
rxw diwhu txduwhu ;1 Vhfrqg/ wkh lpsuryhphqwv lq iruhfdvwv gxh wr udqn uhvwulfwlrqv duh
pruh surqrxqfhg lq vpdoohu vdpsohv1 Doo phdvxuhv ri lpsuryhphqwv lq iruhfdvw dffxudf| duh
doprvw wzlfh dv odujh zkhq wkh vdpsoh vl}h lv 433/ wkdq zkhq wkh vdpsoh vl}h lv 5331 Wklug/
wkh sdwwhuq ri lpsuryhphqwv lq wkh yduldqfh ghfrpsrvlwlrqv lv qrw vlplodu wr wkdw ri wkh
iruhfdvwv1 Lq sduwlfxodu/ wkh rqh0vwhs0dkhdg iruhfdvw ghfrpsrvlwlrq hvwlpdwhv duh vljqlfdqwo|
zruvh/ zkhq wkh wuxh udqn uhvwulfwlrqv duh lpsrvhg1 Qrwlqj wkdw wkh rqh0vwhs0dkhdg yduldqfh
ghfrpsrvlwlrq hvwlpdwhv duh rqo| ixqfwlrqv ri wkh hvwlpdwhg yduldqfh fryduldqfh pdwul{ ri
wkh huuruv/ dqg lq sduwlfxodu wkdw wkh| duh udwlrv ri wkh hohphqwv ri wkh Fkrohvnl idfwru ri wklv
pdwul{/ zh frqfoxgh wkdw wkh h!flhqf| jdlqv lq hvwlpdwlqj wkh YDU sdudphwhuv gr qrw ohdg
45wr ehwwhu hvwlpdwhv ri wkhvh udwlrv1 Krzhyhu/ wkh jdlqv lq hvwlpdwlqj wkh phdq sdudphwhuv
duh vr odujh wkdw wkhuh duh vl}deoh lpsuryhphqwv lq yduldqfh ghfrpsrvlwlrqv iru doo krul}rqv
orqjhu wkdq rqh1
Wkhvh uhvxowv txdqwli| wkh vl}h ri wkh h!flhqf| jdlqv suhglfwhg iurp hfrqrphwulf wkhru|
zkhq wkh odj0ohqjwk dqg wkh udqn ri YDU prghov duh erwk nqrzq1 Dowkrxjk wkh| vhuyh dv
d ehqfkpdun/ wkhvh jdlqv duh luuhohydqw iru hpslulfdo vwxglhv/ ehfdxvh odj ohqjwkv dqg udqn
rughuv pxvw eh hvwlpdwhg ehiruhkdqg1
7151 Vhohfwlrq ri odj dqg udqn rughu
Wdeoh 51d vkrzv wkh iuhtxhqf| ri odj0rughu vhohfwlrq lq 4333 vlpxodwlrqv ri 433 wulyduldwh
YDU+7, prghov zlwk udqn 41 Hdfk ri DLF/ KT dqg VF duh frqvlghuhg/ uvwo| dvvxplqj
ixoo udqn/ dqg vhfrqgo| zkhq udqn dqg odj rughuv duh ghwhuplqhg vlpxowdqhrxvo|1 Wkh wrs
kdoi ri wklv wdeoh fruuhvsrqgv wr d vdpsoh vl}h ri 433/ dqg wkh erwwrp kdoi fruuhvsrqgv wr
vdpsohv ri 533 revhuydwlrqv1 Wdeoh 51e vkrzv wkh dqdorjrxv iuhtxhqflhv zkhq wkh wuxh GJS
lv d wulyduldwh YDU+7, ri udqn 51
Wkhvh wdeohv frqup wkdw vhohfwlqj wkh odj dqg udqn rughu mrlqwo|/ fdq ohdg wr d prgho
zklfk lv ri kljkhu odj0rughu wkdq wkh prgho fkrvhq zlwk frqyhqwlrqdo +ixoo udqn, fulwhuld1 Iru
h{dpsoh/ wkh wrs kdoi ri Wdeoh 51d vkrzv wkdw iru vdpsohv ri 433 revhuydwlrqv/ wkh prgdo
fkrlfh ri doo wkuhh fulwhuld lv d YDU+4,/ zlwk DLF fkrrvlqj wkh wuxh odj ri 7 rqo| 47 shufhqw
ri wkh wlph1 Wkh rwkhu wzr fulwhuld fkrrvh d YDU+7, zlwk d iuhtxhqf| ri ohvv wkdq 4 shufhqw1
Krzhyhu/ zkhq wkh odj dqg udqn duh fkrvhq vlpxowdqhrxvo|/ wkhuh lv d odujh uhgxfwlrq lq wkh
qxpehu ri wlphv wkdw wkh YDU+4, lv fkrvhq/ uhjdugohvv ri wkh fulwhulrq xvhg1 Ixuwkhupruh/
wkh iuhtxhqf| ri fkrrvlqj wkh fruuhfw odj lqfuhdvhv vljqlfdqwo|1 Lq erwk Wdeohv 51d dqg 51e/
DLF fkrrvhv wkh fruuhfw odj dqg udqn pruh riwhq wkdq wkh rwkhu wzr fulwhuld/ zlwk KT ehlqj
d forvh vhfrqg1 Wkh prgdo fkrlfh ri wkh Vfkzdu} fulwhulrq vwd|v dw d YDU+4,/ hyhq zlwk 533
revhuydwlrqv1
Wzr srlqwv duh zruwk qrwlqj1 Iluvw/ hyhq zkhq wkh fulwhuld fkrrvh wkh zurqj odj0ohqjwk/
wkh| duh olnho| wr fkrrvh wkh fruuhfw udqn1 Wkh rqo| h{fhswlrq lv VF z k h qw k hw u x hu d q nl v5d q g
wkhuh duh rqo| 433 revhuydwlrqv1 Wklv vxjjhvwv wkdw frpprq f|fohv fdq eh ghwhfwhg hyhq li wkh
zurqj odj0ohqjwk lv fkrvhq1 Wklv lv sodxvleoh/ ehfdxvh wkh surshuw| wkdw d olqhdu frpelqdwlrq ri
yduldeohv kdv qr fruuhodwlrq zlwk wkh sdvw +wkh qhfhvvdu| dqg vx!flhqw frqglwlrq iru frpprq
f|fohv,/ lv xquhodwhg wr zkdw wkrvh f|fohv duh dqg zkhwkhu wkh| duh fruuhfwo| vshflhg1 Wkh
vhfrqg srlqw lv wkdw rqfh rqh fkrrvhv odj ohqjwk dqg udqn vlpxowdqhrxvo|/ wkh suredelolw| ri
fkrrvlqj wkh fruuhfw odj ohqjwk lqfuhdvhv iru doo wkuhh fulwhuld/ dqg wkh suredelolw| ri wkhlu
ryhuhvwlpdwlqj wkh odj ohqjwk dovr lqfuhdvhv1 Dowkrxjk wkh fkdqfh ri ryhusuhglfwlqj wkh odj
ohqjwk uhpdlqv txlwh vpdoo iru KT dqg VF> lw vkrrwv xs wr pruh wkdq 43 shufhqw +dqg hyhq
wr dssur{lpdwho| 53 shufhqw lq wkh udqn 4 prgho, iru DLF=
467161 Iruhfdvwv
Wdeohv 61d dqg 61e vkrz wkh shufhqwdjh lpsuryhphqw lq wkh phdvxuhv ri iruhfdvw dffxudf|
zkhq wkh odj dqg udqn duh fkrvhq vlpxowdqhrxvo|1 D jhqhudo frqfoxvlrq lv wkdw wkhuh duh
qr glhuhqfhv ehwzhhq iruhfdvwv eh|rqg ; shulrgv/ dqg prvw ri wkh dgydqwdjh ri orrnlqj iru
frpprq f|fohv lv lq iruhfdvwlqj rqh wr irxu shulrgv dkhdg1 Wkhvh wdeohv vkrz wkdw wkhuh
duh qrq0wulyldo jdlqv iurp frqvlghulqj uhgxfhg udqn prghov iru vkruw0uxq iruhfdvwlqj1 Wkh
JIHVP dqg PVIH phdvxuhv/ dowkrxjk qrw dv surqrxqfhg dv rxu ehqfkpdun fdvh/ vkrz
vl}hdeoh lpsuryhphqwv iru doo fulwhuld dw krul}rqv 4 wr 71 Wkh wudfh ri wkh PVIH lpsuryhv
uhpdundeo| iru KT dqg VF zkhq odj dqg udqn duh fkrvhq vlpxowdqhrxvo|1
Wkh uhvxowv lq Wdeohv 61d dqg 61e dovr vkrz zklfk prgho vhohfwlrq fulwhulrq surgxfhg
prghov zlwk ehvw iruhfdvwlqj shuirupdqfh rq dyhudjh dw hdfk krul}rq1 Iru hdfk krul}rq/
wkh fulwhulrq wkdw surylghg wkh ehvw iruhfdvw shuirupdqfh dffruglqj wr WPVIH lv lqglfdwhg
e| vxshuvfulsw e lq wkh WPVIH froxpq/ dqg wkh fulwhulrq wkdw surylghg wkh zruvw iruhfdvw
shuirupdqfh lv lqglfdwhg e| vxshuvfulsw z441 Qrw vxusulvlqjo|/ zh revhuyh wkdw zkhq wkh GJS
lv uhodwlyho| sduvlprqlrxv +l1h1 zkhq lw kdv udqn 4, dqg vdpsoh vl}h lv vpdoo/ DLF fkrrvhv
prghov zlwk wkh zruvw iruhfdvwlqj shuirupdqfh1 Krzhyhu/ lq doo rwkhu fdvhv/ wkh Vfkzdu}
fulwhulrq fkrrvhv prghov wkdw rq dyhudjh surgxfh wkh zruvw iruhfdvwv1 Wkh uhpdundeoh uhvxow
lv wkdw KT surgxfhv wkh ehvw iruhfdvwlqj prghov lq doprvw doo fdvhv1 Lq wkh ihz fdvhv zkhuh
prghov fkrvhq e| KT fulwhulrq duh qrw wkh ehvw/ wkh| duh d yhu| forvh vhfrqg ehvw1
Rxu uhvxowv gr qrw vxssruw wkh frqfoxvlrq pdgh e| O wnhsrko +4<;8, wkdw VF ohdgv wr
ehvw iruhfdvwlqj prghov/ dqg wklv ohdgv xv wr eholhyh wkdw O wnhsrko*v frqfoxvlrq pxvw eh dq
duwlidfw ri wkh Prqwh Fduor ghvljq xvhg lq klv sdshu1 Rxu uhvxowv vkrz wkdw hyhq wkrxjk
wkh iruhfdvw shuirupdqfh ri prghov fkrvhq e| VF lpsuryhv vljqlfdqwo| zkhq zh xvh wklv
fulwhulrq wr fkrrvh odj dqg udqn vlpxowdqhrxvo|/ wkh| duh idu iurp ehlqj wkh ehvw1 Iru wkh
ehvw iruhfdvwlqj shuirupdqfh/ rxu vlpxodwlrqv pdnh d vwurqj fdvh iru xvlqj wkh KT fulwhulrq
wr fkrrvh odj dqg udqn vlpxowdqhrxvo|1
7171 Vhohfwlqj udqn e| whvwlqj yv1 e| prgho0vhohfwlrq fulwhuld
Dq dowhuqdwlyh vwudwhj| iru vhohfwlqj YDUv zlwk frpprq0f|folfdo ihdwxuhv zdv sursrvhg lq
Ydklg dqg Hqjoh +4<<6,1 Lw frqvlvwv ri fkrrvlqj wkh odj ohqjwk e| LF+s, d q gw k h qs h u i r u p l q j
vhtxhqwldo OU whvwv wr ghwhuplqh wkh udqn1 Wdeoh 7 frpsduhv wkh iruhfdvwlqj shuirupdqfh ri
YDU prghov vhohfwhg e| wklv surfhgxuh zlwk wkrvh vhohfwhg e| LF+s,1D vl qW d e o h6 /z hu h s r u w
wkh shufhqwdjh lpsuryhphqw ri iruhfdvwv ri uhgxfh0udqn prghov ryhu wkhlu xquhvwulfwhg YDU
frxqwhusduwv/ pdnlqj wkh uhvxowv lq wkhvh wzr wdeohv gluhfwo| frpsdudeoh1 Wdeoh 7 vkrzv wkdw
whvwlqj iru udqn/ frqglwlrqdo rq odj ohqjwk/ surgxfhv iruhfdvwlqj lpsuryhphqw ryhu ixoo0udqn
YDUv1 Krzhyhu/ rqo| lq wkh fdvh ri DLF zlwk 433 revhuydwlrqv duh wkhvh lpsuryhphqwv odujhu
44Qrwlfh wkdw wklv lqirupdwlrq lv rewdlqhg e| frpsdulqj wkh iruhfdvwlqj shuirupdqfh dfurvv glhuhqw fulwhuld/
dqg fdqqrw eh lqihuuhg iurp wkh qxphulfdo hqwulhv ri Wdeoh 61
47wkdq wkrvh rqh zrxog rewdlq zkhq odj dqg udqn duh vhohfwhg vlpxowdqhrxvo|1 Wklv vxjjhvwv
wkdw lq vpdoo vdpsohv/ wkh vwudwhj| ri fkrrvlqj odj ohqjwk e| DLF dqg wkhq fkrrvlqj udqn
e| d vhtxhqfh ri OU whvwv ohdgv wr jrrg iruhfdvwlqj prghov1 Krzhyhu/ jlyhq rxu uhvxowv lq
Wdeoh 6d/ prgho vhohfwlrq e| KT+s>u, vhhpv wr eh d vxshulru vwudwhj| iru exloglqj iruhfdvwlqj
prghov1
7181 Yduldqfh0ghfrpsrvlwlrq uhvxowv
Wkh shufhqwdjh lpsuryhphqwv ri wkh hvwlpdwhg iruhfdvw0huuru yduldqfh ghfrpsrvlwlrq frh!0
flhqwv duh suhvhqwhg lq Wdeoh 81 Lw lv qrwlfhdeoh wkdw wkhuh duh yluwxdoo| qr vljqlfdqw jdlqv
dw dq| krul}rq zkhq wkh vdpsoh vl}h lv 433 revhuydwlrqv1 Wklv lv lq vkdus frqwudvw zlwk rxu
ehqfkpdun fdvh uhsruwhg lq Wdeoh 4/ zkhuh wkhuh zhuh jdlqv ri 53 wr :7 shufhqw iru doo uh0
sruwhg krul}rqv rwkhu wkdq 41 Wklv pd| eh gxh wr wkh idfw wkdw wkh yduldqfh frqwulexwlrqv
duh udwlrv ri hvwlpdwhg sdudphwhuv1 Dowkrxjk wkh doorzdqfh iru udqn uhvwulfwlrqv lpsuryhv wkh
sdudphwhu hvwlpdwhv lq d gluhfwlrq wkdw ohdgv wr ehwwhu iruhfdvwv/ wkhvh lpsuryhphqwv ohdg wr
z r u v hh v w l p d w h vr iw k hy d u l d q f hudwlrv zkhq vdpsohv duh vpdoo1 Zkhq wkh vdpsoh vl}h lv 533/
wkh txdolw| ri yduldqfh0ghfrpsrvlwlrqv edvhg rq prghov fkrvhq e| LF+s>u, lv idu vxshulru wr
wkdw ri prghov fkrvhq e| LF+s,=
81 Hpslulfdo H{dpsoh
Wkh hpslulfdo dqdo|vlv ri wkh wkuhh0yduldeoh v|vwhp wkdw jhqhudwhv rxu vlpxodwhg GJSv lv
glvfxvvhg lq Lvvohu dqg Ydklg +5334,1 Wkhuh/ zh rewdlqhg d shufhqwdjh uhgxfwlrq ri 6316(
iru wkh rqh0vwhs dkhdg mPVIHm xvlqj wkh uhgxfhg0udqn prgho1 Khuh/ zh lqyhvwljdwh d odujhu
YDU zklfk fdq eh srwhqwldoo| xvhixo iru exvlqhvv0f|foh dqdo|vlv1
Wkh sxovh ri wkh XV hfrqrp| lv prqlwruhg hyhu| prqwk e| revhuylqj  xfwxdwlrqv lq
irxu frlqflghqw yduldeohv/ zklfk duh= 4, Shuvrqdo lqfrph ohvv wudqvihu sd|phqwv> 5, Lqgh{
ri lqgxvwuldo surgxfwlrq> 6, Qxpehu ri hpsor|hhv rq qrqdjulfxowxudo sd|uroov> dqg 7, Pdq0
xidfwxulqj dqg wudgh vdohv451 Lq wklv vhfwlrq/ zh exlog d wlph0vhulhv prgho wr iruhfdvw wkhvh
frlqflghqw yduldeohv1 Lw lv zhoo0nqrzq wkdw rwkhu vhulhv ohdg wkh frlqflghqw vhulhv dqg wkhuhiruh
khos lq iruhfdvwlqj wkhp1 Vhh/ iru h{dpsoh/ Vwrfn dqg Zdwvrq +4<;<, ru ]hooqhu dqg Krqj
+4<;<,1 Zh iroorz ]hooqhu dqg Krqj dqg xvh phdvxuhv ri jurzwk lq uhdo prqh| edodqfhv dqg
lq wkh uhdo udwh ri uhwxuq ri vwrfnv dv wzr ohdglqj lqglfdwru yduldeohv461 Vlqfh wkh frlqflghqw
yduldeohv duh qrw frlqwhjudwhg +vhh Vwrfn dqg Zdwvrq 4<;<,/ wklv frqvwlwxwhv d vl{0yduldeoh
YDU iru doo ri wkhvh orj0glhuhqfhg vhulhv/ dowkrxjk rxu sulpdu| irfxv zloo eh lq iruhfdvwlqj
wkh orj0glhuhqfhv ri wkh irxu frlqflghqw vhulhv dorqh471
45Wkh pqhprqlfv iru wkhvh yduldeohv lq wkh GUL gdwdedvh duh JP\[ST/ LS/ OSQDJ dqg PWT uhvshfwlyho|1
46Zh xvh P5 gh dwhg e| surgxfhu sulfh lqgh{ dv d phdvxuh ri uhdo edodqfhv +IP52SZIVD lq GUL, dqg
V)S833 lqgh{ gh dwhg e| wkh vdph sulfh lqgh{ +IVSFRP2SZIVD lq GUL, lq frpsxwlqj vwrfn uhwxuqv1
47Zh rewdlq vlplodu uhvxowv txdolwdwlyho| zkhq zh frqvlghu iruhfdvwv ri doo vl{ yduldeohv wrjhwkhu1 Exw
iruhfdvwlqj vwrfn uhwxuqv lv qrw dq remhfwlyh ri rxu hpslulfdo vwxg|1
48Wr pdnh wkh hpslulfdo h{dpsoh frqirupdeoh wr rxu vlpxodwlrq vwxg|/ zh xvh prqwko|
gdwd iurp 4<;3=34 wr 5333=3:/ d wrwdo ri 57: revhuydwlrqv1 Zh ghyhors rxu prghov rq wkh
edvlv ri wkh uvw 4<< revhuydwlrqv/ ohdylqj wkh odvw 7; revhuydwlrqv iru rxw0ri0vdpsoh iruhfdvw
hydoxdwlrq1 Wr eh frqvlvwhqw zlwk rxu vlpxodwlrq uhvxowv/ zh vhohfw prghov xvlqj wkh Kdqqdq0
Txlqq fulwhulrq1 Wkh ixoo0udqn yhuvlrq ri wkh KT fulwhulrq vhohfwv rqh odj iru wkh vl{ yduldeoh
YDU1 Krzhyhu/ li zh xvh wkh odj0udqn yhuvlrq ri KT/ wkh vhohfwhg odj rughu lv wzr dqg wkh
vhohfwhg udqn lv wkuhh1 Wkhuhiruh/ zh frpsduh wkh shuirupdqfh ri d ixoo0udqn YDU+4, zlwk wkdw
ri d uhgxfhg0udqn YDU+5, lq iruhfdvwlqj wkh irxu frlqflghqw yduldeohv1 Wkh hvwlpdwhg prghov
duh xvhg wr jhqhudwh 7;/ 57/ 49/ dqg 45 qrq0ryhuodsslqj rqh/ wzr/ wkuhh/ dqg irxu0vwhs dkhdg
iruhfdvwv uhvshfwlyho|/ zlwk uhvxowv uhsruwhg lq Wdeoh 91 Wkh rxw0ri0vdpsoh iruhfdvwlqj uhvxowv
frqirup wr wkrvh lq rxu vlpxodwlrq vwxg|1 Iru doo irxu vkruw0uxq krul}rqv/ wkh uhgxfhg0udqn
prgho rxwshuirupv wkh ixoo0udqn prgho/ zlwk wkh odujhvw shufhqwdjh lpsuryhphqw ri 561;(
iru wkh mPVIHm dw krul}rq irxu1 Wklv lv d vl}deoh lpsuryhphqw lq iruhfdvwlqj dffxudf|1
Lw lv lqirupdwlyh wr frpsduh wkh xqlyduldwh surfhvvhv iru lqglylgxdo yduldeohv lpsolhg e|
wkh hvwlpdwhg ixoo udqn YDU+4, prgho zlwk wkrvh lpsolhg e| wkh hvwlpdwhg udqn 6 YDU+5,
prgho1 D ixoo0udqn 9 yduldeoh YDU+4, lpsolhv xqlyduldwh DUPD+9>t, surfhvvhv iru hdfk ri
wkh yduldeohv/ zkhuh t lv ohvv wkdq ru htxdo wr 8 dqg wkh dxwruhjuhvvlyh sro|qrpldov iru doo
yduldeohv duh lghqwlfdo1 D udqn 6 YDU+5, prgho lpsolhv xqlyduldwh DUPD+9>t, surfhvvhv iru
lqglylgxdo yduldeohv/ zkhuh t lv ohvv wkdq ru htxdo wr 9 dqg dxwruhjuhvvlyh sro|qrpldov iru doo
yduldeohv duh lghqwlfdo481 Doo 9 urrwv ri wkh lpsolhg dxwruhjuhvvlyh sro|qrpldo ri wkh hvwlpdwhg
ixoo udqn YDU+4, prgho wxuqhg rxw wr eh uhdo/ zkhuhdv wkhuh zdv d sdlu ri frpsoh{ frqmxjdwh
urrwv dprqj wkh 9 urrwv lpsolhg e| wkh hvwlpdwhg udqn 6 YDU+5, prgho1 Ehfdxvh frpsoh{
urrwv jlyh ulvh wr rvfloodwru| frpsrqhqwv/ dqg frlqflghqw dqg ohdglqj lqglfdwruv duh vxssrvhg
wr phdvxuh wkh f|folfdo rvfloodwlrqv lq wkh hfrqrp|/ wklv jlyhv ixuwkhu hylghqfh lq idyru ri wkh
hvwlpdwhg uhgxfhg udqn YDU+5, prgho1
Rxu frqfoxvlrq iurp wkh hpslulfdo h{dpsoh lv wkdw li hfrqrphwulfldqv duh lqwhuhvwhg lq
frlqflghqw dqg ohdglqj lqglfdwruv/ wkh| vkrxog frqvlghu uhgxfhg0udqn prghov dw wkh prgho
vhohfwlrq vwdjh1
91 Frqfoxvlrq
Wklv sdshu dujxhv wkdw lq pxowlyduldwh pdfurhfrqrphwulf prghoolqj/ wkh vw|ol}hg idfw wkdw
pdfurhfrqrplf djjuhjdwhv pryh wrjhwkhu ryhu wkh exvlqhvv f|foh vkrxog eh wdnhq vhulrxvo|1
Wlph vhulhv pdfur0hfrqrphwulf prghov surylgh xvhixo iruhfdvwv iru vkruw krul}rqv +4 wr ;
shulrgv,1 Lw lv iru wkhvh krul}rqv wkdw rxu Prqwh0Fduor vwxg| vkrzv vxevwdqwldo jdlqv lq
iruhfdvw dffxudf| li uhgxfhg0udqn vwuxfwxuhv duh doorzhg iru1 Wkhvh jdlqv duh kljkhu li wkh
xqfhuwdlqw| derxw wkh odj ohqjwk lv dvvxphg dzd|/ exw wkh| duh vwloo qrq0wulyldo lq wkh pruh
uhdolvwlf fdvh lq zklfk odj ohqjwk dqg udqn duh fkrvhq vlpxowdqhrxvo|1
48Wklv lv d gluhfw lpsolfdwlrq ri Ydklg +4<<<,1
49Wkh uhvxowv ri rxu Prqwh0Fduor dqdo|vlv ri prgho vhohfwlrq fulwhuld wkdw vlpxowdqhrxvo|
vhohfw odj ohqjwk dqg udqn rughu fdq eh vxppdul}hg dv iroorzv1 Wkh whqghqf| ri DLF wr fkrrvh
ryhusdudphwhul}hg prghov lv zruvhqhg +sduwlfxoduo| lq vpdoo vdpsohv, zkhq vlpxowdqhrxvo|
f k r r v l q jw k hu d q nd q gw k ho d jo h q j w k 1K h q f h /z hf r q f o x g hw k d wDLF vkrxog qrw eh xvhg iru
wklv sxusrvh lq vpdoo vdpsohv1 Rq wkh rwkhu kdqg/ wkh whqghqf| ri KT dqg VF fulwhuld wr
fkrrvh dq xqghusdudphwhul}hg prgho lv vrphzkdw uhphglhg zkhq wkh| duh doorzhg wr slfn
wkh udqn dqg odj0ohqjwk vlpxowdqhrxvo|1 Wkh VF fulwhulrq/ krzhyhu/ vwloo vhohfwv vhyhuho|
xqghusdudphwhul}hg prghov1
Frqwudu| wr suhylrxv olwhudwxuh wkdw frpsduhv iruhfdvwv ri YDU prghov vhohfwhg e| dowhu0
qdwlyh prgho vhohfwlrq fulwhuld/ zh qg qr vxssruw iru wkh fodlp wkdw VF o h d g vw rp r g h o vw k d w
surgxfh wkh ehvw iruhfdvwv1 Zh dwwulexwh wklv suhylrxv qglqj wr wkh vlpsoh Prqwh Fduor gh0
vljq zlwk vkruw odj vwuxfwxuhv/ wkdw suhylrxv uhvhdufkhuv kdyh xvhg1 Lqghhg/ lq rxu vlpxodwlrqv/
wkh prghov vhohfwhg e| wkh Vfkzdu} fulwhulrq surgxfhg zruvh iruhfdvwv wkdq prghov fkrvhq e|
wkh rwkhu wzr fulwhuld1 Wklv zdv sduwlfxoduo| hylghqw lq rxu vlpxodwlrqv iru wkh vl{0glphqvlrqdo
v|vwhp491 Wkhuhiruh/ zh frqfoxgh wkdw VF vkrxog qrw eh xvhg iru prgho vhohfwlrq lq kljk
glphqvlrqdo wlph vhulhv prghov/ uhjdugohvv ri zkhwkhu d uhgxfhg0udqn vwuxfwxuh lv doorzhg iru
ru qrw1 Lqvwhdg/ zh uhfrpphqg wkh Kdqqdq0Txlqq fulwhulrq/ zklfk jhqhudoo| ohdgv wr prghov
zlwk wkh ehvw iruhfdvw shuirupdqfh/ hvshfldoo| zkhq lw lv xvhg iru vlpxowdqhrxvo| fkrrvlqj odj
ohqjwk dqg udqn rughu1
Rxu dqdo|vlv vkrzv wkdw wkhuh lv d whqvlrq ehwzhhq h!flhqwo| hvwlpdwlqj wkh phdq sd0
udphwhuv zkloh doorzlqj iru uhgxfhg0udqn vwuxfwxuhv/ dqg h!flhqwo| hvwlpdwlqj yduldqfh sd0
udphwhuv1 Iru vdpsohv ri 433 revhuydwlrqv zh qg qr jdlqv iurp uhgxfhg udqn vwuxfwxuhv lq
hvwlpdwlqj yduldqfh ghfrpsrvlwlrq frh!flhqwv1 Wklv uhvxow lv uhyhuvhg iru odujhu vdpsohv ri
533 revhuydwlrqv1 Iru wkh odwwhu/ wkhuh duh qrq0wulyldo ehqhwv lq frqvlghulqj uhgxfhg0udqn
prghov lq wkh hvwlpdwlrq ri yduldqfh frqwulexwlrqv1 Hyhq wkrxjk zh kdyh xvhg doo srvvleoh
rughulqjv ri yduldeohv lq shuiruplqj rxu yduldqfh ghfrpsrvlwlrqv/ zh txdoli| rxu qglqjv lq
wkdw wkh dffxudf| ri wkh odwwhu pd| qrw eh lqyduldqw wr wkh phwkrg ri ruwkrjrqdol}lqj wkh
huuruv1
Ilqdoo|/ lw vkrxog eh vwuhvvhg wkdw wkh phvvdjh ri wklv sdshu lv wkdw vkruw0uxq uhvwulfwlrqv
duh olnho| wr eh pruh lpsruwdqw wkdq frlqwhjudwlqj uhvwulfwlrqv/ iru iruhfdvwlqj dw wkh exvlqhvv0
f|foh krul}rqv1 Khuh/ zh kdyh rqo| frqvlghuhg frpprq0f|foh uhvwulfwlrqv ehfdxvh ri wkhlu
lpsruwdqw pdfurhfrqrplf lpsolfdwlrqv1 Zh ohdyh wkh lqyhvwljdwlrq ri srvvleoh jdlqv uhvxowlqj
irup rwkhu uhvwulfwlrqv/ vxfk dv eorfn h{rjhqhlw| uhvwulfwlrqv/ frghshqghqfh dqg rwkhu w|shv
ri udqn uhvwulfwlrqv/ iru ixwxuh uhvhdufk1
49Wkh uhvxowv iru wkh vl{0glphqvlrqdo v|vwhp duh qrw uhsruwhg khuh wr vdyh vsdfh1 Wkh| duh uhsruwhg lq dq
hduolhu yhuvlrq ri wkh fxuuhqw sdshu +Ydklg dqg Lvvohu 4<<<,1
4:Uhihuhqfhv
Dkq/ V1N1 dqg J1F1 Uhlqvho +4<;;,/ Qhvwhg uhgxfhg0udqn dxwruhjuhvvlyh prghov iru pxo0
w l s o hw l p hv h u l h v  /Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ ;6/ ;7<0;891
Ehyhulgjh/ V1 dqg F1U1 Qhovrq +4<;4,/ D Qhz Dssurdfk wr wkh Ghfrpsrvlwlrq ri Hfrqrplf
Wlph Vhulhv lqwr Shupdqhqw dqg Wudqvlwru| Frpsrqhqwv zlwk Sduwlfxodu Dwwhqwlrq wr
Phdvxuhphqw ri wkh Exvlqhvv F|foh/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/: /4 8 4 0 4 : 7 1
Fduolqr/ J1 dqg N1 Vloo +4<<;,/ Frpprq wuhqgv dqg frpprq f|fohv lq uhjlrqdo shu0fdslwd
lqfrphv/ Zrunlqj Sdshu/ Ihghudo Uhvhuyh Edqn ri Sklodghoskld1
Fohphqwv/ P1S1 dqg G1I1 Khqgu| +4<<6,/ Rq wkh olplwdwlrqv ri frpsdulqj phdq vtxduhg
iruhfdvw huuruv/ Mrxuqdo ri Iruhfdvwlqj/ 45/ 94:096: +zlwk glvfxvvlrqv,1
Fohphqwv/ P1S1 dqg G1I1 Khqgu| +4<<8,/ Iruhfdvwlqj lq frlqwhjudwhg v|vwhpv/ Mrxuqdo
ri Dssolhg Hfrqrphwulfv/ 43/ 45:04791
Hqjoh/ U1I1 dqg F1Z1M1 Judqjhu +4<;:,/ Frlqwhjudwlrq dqg huuru fruuhfwlrq= Uhsuhvhqwd0
wlrq/ hvwlpdwlrq dqg whvwlqj/ Hfrqrphwulfd/ 88/ 58405:91
Hqjoh/ U1I1 dqg M1Y1 Lvvohu +4<<8,/ Hvwlpdwlqj frpprq vhfwrudo f|fohv/ Mrxuqdo ri Prq0
hwdu| Hfrqrplfv/ 68/ ;604461
Hqjoh/ U1I1 dqg V1 \rr +4<;:,/ Iruhfdvwlqj dqg whvwlqj lq frlqwhjudwhg v|vwhpv/ Mrxuqdo
ri Hfrqrphwulfv/ 68/ 476048<1
Judqjhu/ F1Z1M1/ P1O1 Nlqj dqg K1 Zklwh +4<<8,/ Frpphqwv rq whvwlqj hfrqrplf wkhrulhv
dqg wkh xvh ri prgho vhohfwlrq fulwhuld/ Mrxuqdo ri Hfrqrphwulfv/ 9:/ 4:604;:1
Kdplowrq/ M1G1 +4<<7,/ Wlph Vhulhv Dqdo|vlv/ Sulqfhwrq Xqlyhuvlw| Suhvv1
Lvvohu/ M1Y1 dqg I1 Ydklg +5334,/ Frpprq f|fohv dqg wkh lpsruwdqfh ri wudqvlwru| vkrfnv
wr pdfurhfrqrplf djjuhjdwhv/ iruwkfrplqj lq wkh Mrxuqdo ri Prqhwdu| Hfrqrplfv1
Lvvohu/ M1Y1 dqg S1F1 Ihuuhlud +4<<;,/ Wlph0Vhulhv surshuwlhv dqg hpslulfdo hylghqfh ri
jurzwk dqg lqiudvwuxfwxuh/ Wkh Eud}loldq Uhylhz ri Hfrqrphwulfv/ 4;/ 640:41
Nlqj/ U1/ F1L1 Sorvvhu/ M1K1 Vwrfn dqg P1Z1 Zdwvrq +4<<4,/ Vwrfkdvwlf Wuhqgv dqg Hfr0
qrplf Ioxfwxdwlrqv/ Dphulfdq Hfrqrplf Uhylhz/ ;4/ ;4<0;731
Nlqj/ U1J1/ F1L1 Sorvvhu dqg V1 Uhehor +4<;;,/ Surgxfwlrq/ Jurzwk dqg Exvlqhvv F|fohv1
LL1 Qhz Gluhfwlrqv/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 54/ 63<06741
Olq/ M1O1 dqg U1V1 Wvd| +4<<9,/ Frlqwhjudwlrq frqvwudlqwv dqg iruhfdvwlqj= Dq hpslulfdo
h{dplqdwlrq/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ 44/ 84<086;1
4;Oxfdv/ U1H1 +4<::,/ Xqghuvwdqglqj exvlqhvv f|fohv/ Fduqhjlh0Urfkhvwhu Vhulhv rq Sxeolf
Srolf|/8 /: 0 5 < /d o v ru h s u l q w h gl qO x f d v /U 1H 1+ H g ,Prghov ri Exvlqhvv F|foh/ 4<::1
O wnhsrko/ K1 +4<<6,/ Lqwurgxfwlrq wr Pxowlsoh Wlph Vhulhv Dqdo|vlv/ Vhfrqg Hglwlrq/
Vsulqjhu0Yhuodj1
O wnhsrko/ K1 +4<;8,/ Frpsdulvrq ri fulwhuld iru hvwlpdwlqj wkh rughu ri d yhfwru dxwruh0
juhvvlyh surfhvv/ Mrxuqdo ri Wlph Vhulhv Dqdo|vlv/9 /6 8 0 8 5 1
Qlfnhovexuj/ J1 +4<;5,/ Vpdoo vdpsoh surshuwlhv ri glphqvlrqdolw| vwdwlvwlfv iru wwlqj YDU
prghov wr djjuhjdwh hfrqrplf gdwd= D Prqwh Fduor vwxg|/ Surfhhglqjv ri wkh Exvlqhvv
dqg Hfrqrplf Vwdwlvwlfv Vhfwlrq ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ 48804931
Uhlqvho/ J1F1 +4<<6,/ Hohphqwv ri Pxowlyduldwh Wlph Vhulhv Dqdo|vlv/ Vsulqjhu0Yhuodj1
Vwrfn/ M1K1 dqg P1Z1 Zdwvrq +4<;;,/ Whvwlqj iru frpprq wuhqgv/ Mrxuqdo ri wkh Dphu0
lfdq Vwdwlvwlfdo Dvvrfldwlrq/ ;6/ 43<:0443:1
Vwrfn/ M1 dqg Zdwvrq/ P1+4<;<, Qhz Lqgh{hv ri Ohdglqj dqg Frlqflghqw Hfrqrplf Lqgl0
fdwruv/ QEHU Pdfurhfrqrplfv Dqqxdo/ 6840<81
Wldr/ J1F1 dqg U1V1 Wvd| +4<;<,/ Prgho vshflfdwlrq lq pxowlyduldwh wlph vhulhv +zlwk
glvfxvvlrq,/ Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vhulhv E/ 84/ 48:05461
Wvr/ P1N0V1 +4<;4,/ Uhgxfhg udqn uhjuhvvlrq dqg Fdqrqlfdo dqdo|vlv Mrxuqdo ri wkh Ur|do
Vwdwlvwlfdo Vrflhw|/ Vhulhv E/ 76/ 4;604;<1
Ydklg/ I1 +4<<<,/ D surshuw| ri wkh frpsdqlrq pdwul{ ri d uhgxfhg udqn YDU/ Hfrqr0
phwulf Wkhru|/ 48/ :;:0:;;1
Ydklg/ I1 dqg U1I1 Hqjoh +4<<6,/ Frpprq wuhqgv dqg frpprq f|fohv/ Mrxuqdo ri Dssolhg
Hfrqrphwulfv/ ;/ 67406931
Ydklg/ I1 dqg Lvvohu/ M1Y1+4<<<,/ Wkh Lpsruwdqfh ri Frpprq0F|folfdo Ihdwxuhv
lq YDU Dqdo|vlv= D Prqwh0Fduor Vwxg|/ Zrunlqj Sdshu & 685/ Judg0
xdwh Vfkrro ri Hfrqrplfv/ Jhwxolr Ydujdv Irxqgdwlrq1 Grzqordgdeoh iurp
zzz1ijy1eu2hsjh2krph2sxeol2Hqvdlrv2hqvdlrbfrqvxowd1fip1
Yhox/ U1S1/ J1F1 Uhlqvho dqg G1Z1 Zlfnhuq +4<;9,/ Uhgxfhg udqn prghov iru pxowlsoh
wlph vhulhv/ Elrphwulnd/ :6/ 438044;1
]hooqhu/ D1 dqg F1 Krqj +4<;<,/ Iruhfdvwlqj Lqwhuqdwlrqdo Jurzwk Udwhv Xvlqj Ed|hvldq
Vkulqndjh dqg rwkhu Surfhgxuhv/ Mrxuqdo ri Hfrqrphwulfv/ 73/ 4;6 0 5351
4<Dsshqgl{
D1 V|vwhp -2 dqg vljqdo0wr0qrlvh udwlr
Lq d pxowlsoh uhjuhvvlrq zlwk vwrfkdvwlf uhjuhvvruv dqg l1l1g1 huuruv/ | @ [. %> wkh olplwlqj
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4:Vhh Kdplowrq +4<<7, Fkdswhu 43/ O wnhsrko +4<<6, Fkdswhu 4/ ru Uhlqvho +4<<6, Fkdswhu 51
53Wdeoh 4= Shufhqwdjh lpsuryhphqw lq glhuhqw iruhfdvw dffxudf| phdvxuhv dqg lq wkh PVH ri
iruhfdvw0huuru yduldqfh ghfrpsrvlwlrqv zkhq wkh wuxh udqn uhvwulfwlrqv duh lpsrvhg
krul}rq Wuxh udqn lv rqh Wuxh udqn lv wzr
+k, JIHVP mPVIHm WPVIH Ydu1 Ghf1 JIHVP mPVIHm WPVIH Ydu1 Ghf1
Vdpsoh vl}h 433
4 55155 55155 41<: 04319; 4513; 4513; 31<; 0:19:
7 93174 ;199 41:5 :61<6 67189 8135 31<9 5319<
; :3187 41:3 416< 87136 7518: 4165 31:: 5416;
45 :5167 3179 4136 85174 77199 3178 318< 541:9
49 :51;9 3154 31;4 85139 78159 3158 317: 541;;
Vdpsoh vl}h 533
4 44155 44155 4147 09133 9188 9188 3193 06188
7 5<186 61;3 31;; <7138 4:1;3 5165 3185 5:14<
; 651<: 3185 3197 99198 531:5 3179 316: 5:134
45 6616: 3144 3178 961<9 5414< 313: 315: 5:14<
49 6617: 3138 3167 9617; 54158 3139 3153 5:157Wdeoh 51d= Iuhtxhqf| ri odj +s, dqg odj0udqn +s>u, fkrlfh e| glhuhqw fulwhuld zkhq wkh wuxh prghov duh +7>4,
Vhohfwhg odj 4 5 6 7 8 9 : ;
Vhohfwhg udqn 4 5 6 4 5 6 4 5 6 4W 5 6 4 5 6 4 5 6 4 5 6 4 5 6
Qxpehu ri revhuydwlrqv@433
DLF +s,   8:13   4614   4519   4713   513   31:   316   316
DLF +s>u, 431; 518 317 :17 513 314 4717 517 314 651: 617 - ;16 414 - 813 319 - 61; 317 - 713 318 -
KT+s,   <51<   71:   41:   31:   -   -   3   3
KT+s>u, 6<15 41< 315 4616 316 - 4:13 314 - 5716 314 - 517 - 3 31: - 3 316 3 3 314 3 3
VF+s,   <<19   317   -   -   3   3   3   3
VF+s>u, :61; 317 - 431: - 3 ;17 3 3 919 3 3 314 3 3 - 3 3 3 3 3 3 3 3
Qxpehu ri revhuydwlrqv@533
DLF +s,   581<   431:   5313   7313   51:   318   315   -
DLF +s>u, 515 31: 314 616 31; - 4514 41; - 8917 714 314 <14 31; - 714 316 3 516 314 3 419 314 3
KT+s,   ;314   :1;   :15   71<   -   3   3   3
KT+s>u, 4914 319 314 ;1< 314 - 531: 314 3 8416 - 3 41< 3 3 315 3 3 - 3 3 - 3 3
VF+s,   <;19   413   316   314   3   3   3   3
VF+s>u, 7<17 314 - 4414 - 3 4:14 3 3 5516 3 3 314 3 3 - 3 3 3 3 3 3 3 3
Wdeoh 51e= Iuhtxhqf| ri odj +s, dqg odj0udqn +s>u, fkrlfh e| glhuhqw fulwhuld zkhq wkh wuxh prghov duh +7>5,
Vhohfwhg odj 4 5 6 7 8 9 : ;
Vhohfwhg udqn 4 5 6 4 5 6 4 5 6 4 5W 6 4 5 6 4 5 6 4 5 6 4 5 6
Qxpehu ri revhuydwlrqv@433
DLF +s,   4<1<   4315   5416   7416   719   418   31:   318
DLF +s>u, 414 71< 413 413 71: 319 518 4818 415 716 761: 41; 415 :13 316 31; 614 314 31: 41; - 31< 419 -
KT+s,   9714   4614   451:   <1<   314   -   3   3
KT+s>u, ;19 4<19 41< 813 ;14 315 ;14 471; 314 4318 531; - 414 319 3 317 314 3 314 - 3 314 - 3
VF+s,   <615   814   418   315   3   3   3   3
VF+s>u, 6316 6319 415 <18 71; - <17 716 - :1< 41< 3 315 - 3 - 3 3 - 3 3 3 3 3
Qxpehu ri revhuydwlrqv@533
DLF +s,   616   51:   4916   :515   716   31;   315   314
DLF +s>u, 314 319 315 314 31< 314 316 4315 31: 31< :516 518 315 :14 315 314 513 - 314 31; - 314 317 -
KT+s,   5:1<   <19   5616   6<15   -   3   3   3
KT+s>u, 416 :18 319 31< 71: - 617 5313 - 71: 8915 - 315 317 3 - - 3 - 3 3 - 3 3
VF+s,   :717   4317   4316   813   3   3   3   3
VF+s>u, <15 591< 31: 716 91; - ;15 4814 3 <14 4<1; 3 - - 3 - 3 3 3 3 3 3 3 3
Qxpehuv lq hdfk fhoo uhsuhvhqw shufhqwdjh wlphv wkdw wkh prgho vhohfwlrq fulwhulrq fruuhvsrqglqj wr wkdw urz fkrvh wkh odj0udqn rughu fruuhvsrqglqj wr wkdw
froxpq lq 433/333 vlpxodwlrqv +4333 vlpxodwlrqv ri 433 glhuhqw GJSv,1 Wkh wuxh odj0rughu lv lghqwlhg zlwk vxshuvfulsw W1 D - fruuhvsrqgv wr d qrq0}hur
ydoxh ohvv wkdq 3138 shufhqw1 Qxpehuv lq d urz pd| qrw dgg xs wr 43313 h{dfwo| ehfdxvh ri urxqglqj1Wdeoh 6d= Shufhqwdjh lpsuryhphqw lq glhuhqw phdvxuhv ri dffxudf| lq iruhfdvwv jhqhudwhg e| wkh srvvleo| uhgxfhg udqn YDU
ryhu wkh ixoo udqn YDU fkrvhq e| wkh vdph prgho vhohfwlrq fulwhulrq zkhq wkh wuxh prghov duh wulyduldwh +7/4,
krul}rq DLF KT VF
+k, JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH
Vdpsoh vl}h 433
4 919 919 313z 91; 91; 51;e 816 816 419
7 431; 516 414 4914 914 71;e 431< 714 613z
; 713 0413 313 4814 0316 51:e 4413 0314 41:z
45 513 0319 0315z 4715 0315 41:e 431: 0314 414
49 413 0316 0315z 461: 0315 415e 4318 0314 31;
Vdpsoh vl}h 533
4 <14 <14 513e 4413 4413 91: ;16 ;16 816z
7 5515 615 513e 631; ;15 :1: 5518 :14 91;z
; 5514 314 413e 641; 318 717 5617 317 61<z
45 5514 313 31: 641: 313 51;e 5617 313 519z
49 5513 313 318 641: 313 514e 5616 313 41<z
Wdeoh 6e= Shufhqwdjh lpsuryhphqw lq glhuhqw phdvxuhv ri dffxudf| lq iruhfdvwv jhqhudwhg e| wkh srvvleo| uhgxfhg udqn YDU
ryhu wkh ixoo udqn YDU fkrvhq e| wkh vdph prgho vhohfwlrq fulwhulrq zkhq wkh wuxh prghov duh wulyduldwh +7/5,
krul}rq DLF KT VF
+k, JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH
Vdpsoh vl}h 433
4 :19 :19 314 81< 81< 515e 419 419 417z
7 4<15 51< 318 4<15 914 61<e 4314 914 716z
; 5317 314 314 4<1: 0313 515e 4313 0313 518z
45 5318 313 313 4<19 0314 417e <17 0313 419z
49 5318 314 313 4<17 0314 413e <14 0314 415z
Vdpsoh vl}h 533
4 81< 81< 31:e 91; 91; 516 ;1; ;1; 817z
7 4816 513 318e 5318 716 519 5;1: ;1< 918z
; 4:14 315 316e 541: 316 418 6414 319 61:z
45 4:16 313 315e 541; 313 413 6416 314 518z
49 4:16 313 314e 541: 313 413 6415 0313 41;z
JIHVP lv Fohphqwv dqg Khqgu|*v jhqhudol}hg iruhfdvw huuru vhfrqg prphqw phdvxuh/ mPVIHm lv wkh ghwhuplqdqw ri
wkh phdq vtxduhg iruhfdvw huuru pdwul{/ dqg WPVIH lv wkh wudfh ri wkh PVIH pdwul{1 Vxshuvfulswv e dqg z ghqrwh
uhvshfwlyho| wkh ehvw dqg wkh zruvw iruhfdvwlqj shuirupdqfh dfurvv doo wkuhh lqirupdwlrq fulwhuld edvhg rq WPVIH1Wdeoh 7d= Shufhqwdjh lpsuryhphqw lq glhuhqw phdvxuhv ri dffxudf| lq iruhfdvwv jhqhudwhg
e| wkh srvvleo| uhgxfhg0udqn YDU prgho fkrvhq e| vhtxhqwldo udqn whvwlqj
ryhu wkdw ri wkh ixoo udqn YDU zkhq wkh wuxh prghov duh wulyduldwh +7/4,
krul}rq DLF KT VF
+k, JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH
Vdpsoh vl}h 433
4 ;17 ;17 31: 61: 61: 316 614 614 315
7 4;16 514 318 71; 314 314 617 0313 313
; 5417 319 317 814 313 313 618 0313 313
45 5515 315 316 815 313 313 618 0313 313
49 5518 314 316 815 313 313 618 0313 313
Vdpsoh vl}h 533
4 :14 :14 31: 51: 51: 315 41; 41; 314
7 4:17 41< 318 71: 315 314 41< 0313 313
; 4<18 316 317 814 314 314 513 0313 313
45 4<1; 314 316 814 313 314 513 0313 313
49 5313 314 315 815 313 313 513 313 313
Wdeoh 7e= Shufhqwdjh lpsuryhphqw lq glhuhqw phdvxuhv ri dffxudf| lq iruhfdvwv jhqhudwhg
e| wkh srvvleo| uhgxfhg0udqn YDU prgho fkrvhq e| vhtxhqwldo udqn whvwlqj
ryhu wkdw ri wkh ixoo udqn YDU zkhq wkh wuxh prghov duh wulyduldwh +7/5,
krul}rq DLF KT VF
+k, JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH JIHVP mPVIHm WPVIH
Vdpsoh vl}h 433
4 :1: :1: 317 51< 51< 313 315 315 0316
7 5418 613 318 :19 413 315 31: 315 313
; 5:16 413 318 <15 315 315 31< 0313 313
45 5;1< 317 317 <1: 314 314 31< 313 313
49 5<19 315 316 4313 314 314 31< 313 313
Vdpsoh vl}h 533
4 818 818 318 61< 61< 316 416 416 314
7 4719 41< 317 <1; 415 316 51< 316 314
; 4:14 317 316 4417 315 315 616 314 314
45 4:19 314 315 441: 314 314 617 313 313
49 4:1: 314 315 441: 314 314 617 313 313
JIHVP lv Fohphqwv dqg Khqgu|*v jhqhudol}hg iruhfdvw huuru vhfrqg prphqw phdvxuh/ mPVIHm lv wkh
ghwhuplqdqw ri wkh phdq vtxduhg iruhfdvw huuru pdwul{/ dqg WPVIH lv wkh wudfh ri wkh PVIH pdwul{1Wdeoh 8= Shufhqwdjh lpsuryhphqw lq PVH ri iruhfdvw0huuru yduldqfh
ghfrpsrvlwlrq jhqhudwhg e| wkh srvvleo| uhgxfhg udqn YDU ryhu
wkh ixoo udqn YDU fkrvhq e| wkh vdph prgho vhohfwlrq fulwhulrq
krul}rq Wuxh udqn lv rqh Wuxh udqn lv wzr
+k, DLF KT VF DLF KT VF
Vdpsoh vl}h 433
4 04<144 06196 5183 04618< 09185 0815:
7 3144 5189 <144 8184 51<8 08184
; 0:144 061;7 618: 6199 5137 09133
45 0;19< 08165 517; 615: 419: 09159
49 0<158 081;7 5143 6137 417: 09174
Vdpsoh vl}h 533
4 0:174 46143 531<< 07168 4146 45198
7 6:183 841:3 6;166 4<156 58179 56155
; 59145 7:137 66137 4:1<: 5913; 59184
45 561<9 78195 641<3 4:19: 59134 5916<
49 56174 78145 64184 4:189 581<5 59156
Wdeoh 9= Iruhfdvwlqj shuirupdqfh ri dowhuqdwlyh prghov ri frlqflghqw yduldeohv
Prgho Ixoo0udqn YD U+4, Udqn 6 YD U+5,
Krul}rq mPVIHm WPVIH mPVIHm WPVIH
4 prqwk dkhdg 31676:43￿7 319574 31643:43￿7 31897:
5 prqwkv dkhdg 3146:743￿7 318<65 31448943￿7 318775
6 prqwkv dkhdg 3139;643￿7 318867 31398443￿7 318499
7 prqwkv dkhdg 313;9;43￿7 318976 313:3443￿7 317<49
Prghov zhuh fkrvhq xvlqj wkh KT fulwhulrq1 mPVIHm lv wkh ghwhuplqdqw ri wkh phdq
vtxduhg iruhfdvw huuru pdwul{/ dqg WPVIH lv wkh wudfh ri wkh PVIH pdwul{1